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Abstract

The present thesis describes an experimental and numerical study of a
bumper beam-longitudinal system subjected to 40% offset impact, where
longitudinals of two different alloys (AA7003 and AA6060) and two
different tempers (T79 and T1) were varied along with the impact velocity.
Two impact velocities 10 m/s (~36 km/h) and 15 m/s (~54 km/h) were used.
The bumper beam chosen for the study was taken from the production line
at Hydro Aluminium Structures (HAST), Norway, and was made out of the
alloy AA7108-Té6.

The experiments revealed that the robustness of the system was very
dependent on the material used in the longitudinals. It was found that
changing the temper condition of the longitudinals had significant influence
on the collapse mode of the bumper beam-longitudinal system. The
longitudinal members with considerable strain hardening had a tendency to
develop lobes randomly along the length of the members. At increased
impact velocity lower peak force and less fracture in the material was
observed.

The numerical study was carried out with the non-linear finite element code
LS-DYNA, searching for an efficient, numerically robust and accurate
representation of the observed system behaviour. A comparative study of an
industrial-like modelling procedure and another procedure incorporating a
user-defined elasto-viscoplastic material model has been performed. The
latter material model consist of state-of-the-art anisotropic plasticity, an
isotropic strain and strain-rate hardening rule as well as some ductile
fracture criteria, with the possibility of prescribing process dependent
material characteristics.
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Abstract

For proper prediction of the crash performance of the bumper beam-
longitudinal system, the FE-model of the bumper beam must rely upon a
geometry generated from the forming simulations. Thus, forming
simulations were performed to obtain a bumper beam model with required
curvature, which included thickness changes.

Numerical crash results revealed good agreement with the experiments with
respect to overall deformation mode and energy absorption level. The
simulations predicted higher initial peaks in the force-deformation
characteristics due to a different deformation mode of the longitudinal
member. Thus, the number of lobes developed was less than in the
experiments. However, the simulations were capable of giving relatively
accurate prediction of the collapse mode found in the experimental tests,
except for the bumper beam-longitudinal system with AA7003-T1
longitudinals. Application of adaptive meshing technique along with a
fracture criterion helped in predicting similar fracture modes as in the tests
for the bumper beam. Additional simulations were performed to investigate
the influence of some key sensitivity parameters on the force level,
deformation and fracture modes.

Finally, the process effects on material level were considered for the bumper
beam to investigate the influence of forming history on the crash
performance of the bumper beam-longitudinal system. For the present
system it was found that inclusion of process effects has no influence on the
crash performance.
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Notations

Su

Sy

dy

€y

Ay, A

engineering stress

ultimate engineering stress

engineering stress at fracture

axial load in tensile test

initial diameter

engineering strain

engineering strain corresponding to ultimate engineering
stress

engineering strain rate

elastic and plastic strains

undeformed and deformed (current) cross-section area
undeformed and deformed length

initial and final width

initial thickness

final thickness, also used as time see Equation (4.1)
volume

groove in Marciniak and Kuczynski instability theory
orientation of groove angle (MK-theory)
homogeneous region (MK-theory)

initial inhomogeneity factor (MK-theory)

thickness parameters (MK-theory)

true (or Cauchy) stress

true (or logarithmic) strain

strain tensor

elastic part of strain tensor

plastic part of strain tensor

stress tensor

elastic moduli

yield function

convex function

reference yield stress

strain-hardening variable

effective stress

accumulated plastic strain

strain-hardening constants in Voce rule

plastic multiplier

consistency condition
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Notations

v overstress function

n material viscosity

z effective plastic strain-rate

,,C material parameters for strain-rate hardening model
m material constant in Y/d2003

0,,0,,0, principal stresses

o,, 0y, o/, o, principal stress transformations

G, flow stress in a-direction

CFS, CFS* critical fracture strain, isotropic and anisotropic
W, critical specific “plastic work”

£, critical thickness strain

a direction

Ay, 0y sy Uy dimensionless anisotropy parameters in Y/d2003
Oy reference true stress

o, true stress in a-direction

03, O35, Oy true stress at 2%, 5%, 8% plastic strain

&, true strain in x-direction

£, true strain in y-direction

r, equibiaxial r-value

r, r in a-direction

1, termination time in four node element analysis (Section 3.6)
v, impact velocity of trolley

Vv, voltage signal from strain gauge

\Y% voltage output from amplifier

N axial force in the loadcell

1) a positive homogeneous function

K, axial stiffness in loadcell calibration

K, calibration constants

XK curvature

M bending moment

R, resistance of strain gauge

a, strain gauge area

IR length of strain gauge

Pr resistivity of strain gauge

P(t) total force-time history recorded by the loadcell
F(1) impact force acting on test specimen

w displacement of trolley

Sy rigid-body load factor

&, accuracy parameter

E(w) energy absorbed

F,.. mean force level
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Chapter 1 Introduction

1.1 Background

Fuel economy and emission gas regulations are the primary concerns in
changing over to the lightweight materials in automotive structures.
Aluminium alloys are extensively used in various forms, such as extrusions
and castings, due to its high strength to weight ratio. Because of the low
density of aluminium compared to steel, a weight reduction of up to 300 kg
is possible in a medium size vehicle (1400 kg) with the extensive use of
aluminium. Thus in modern cars, aluminium alloys are employed in the
front and rear bumper beams, crashboxes, longitudinals — in the extruded
form, and also in other safety components such as side-door impact beams,
frames, engine cradles, chassis and suspension components.

Although the use of lightweight materials helps in reducing fuel
consumption and consequently lower carbon dioxide emissions, another
stringent demand from the society is the passive safety obtained when
employing lightweight materials. Thus the automotive industry has become
increasingly more concerned about the safety of the passengers in a possible
crash. To evaluate the crashworthiness of new cars, different programmes
exist for example the NCAP (New Car Assessment Program). NCAP
contains several standardized tests for new vehicles, where the damage to
the occupants is evaluated through crash-test dummies and structural
performance (Euro NCAP, 2002). Results from the NCAP tests are helping
the motoring consumers to choose a crashworthy car. It is worth to note,
however, conducting full-scale crash test of a car is always time consuming
and expensive.

-An experimental and numerical study- 1



Chapter 1 Introduction

In fact, the automotive industry deals with a large variety of crash situations.
The wide variety of accidents makes it desirable to consider them in groups
with basic similarities. However, in practice exactly similar accidents might
rarely occur. Figure 1-1 shows that the largest proportion of accidents, about
60%, occurs at the front of the vehicle and of these offset impacts are the
most commonly seen accidental situations on roads, and they also give rise
to the highest portion of deaths (Frank and Gruber, 1992). Oblique or side
collisions are less frequent and serious in their effects, and rear impacts and
“roll-overs” are relatively rare. Research has therefore concentrated mainly
on front and side impacts, the former of which can be considered as the
“typical” serious accident (Pugsley and Macaulay, 1978).

In a frontal or rear crash, the bumper beam is the primary component which
undergoes damage and transfers the forces to the rest of the structure. Thus,
the modern bumper beam systems should play a key part in the safety
concept of an automobile, ensuring that minimal accelerations are
transferred to the passenger. Further the automotive producers are
demanding for robust bumper beam systems showing good and reproducible
impact behaviour.

— { f\\\w.swxglﬂu/
!‘,_!..:_. E:H:E 6-2";'/\_,‘%/ 48.1%
—

\ — 16.0% /

Figure 1-1 Distribution of real-world severe passenger car accidents by type
of collision (Frank and Gruber, 1992).
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Section 1.1 Background

Manufacturing of bumper beams from aluminium extrusions often involve
series of forming operations performed in the soft W-temper condition, and
then artificial age-hardening of the components to the material’s peak
hardness condition. Thus it is clear that for proper crash performance of the
systems the FE-model must rely upon the geometry obtained from a
simulation of the process route, i.e. including simulation of all major
forming operations. Moreover, the forming operations also results in an
inhomogeneous evolution of some internal variable (among others the
effective plastic strain) within the shaped components. Lademo et al.
(2004a) showed that plastic straining in W-temper results in significant
change of the T6 work hardening curves. However, in industrial product
development process effects on material are not included. Instead the
homogeneous material properties of the final temper in its virgin/unformed
state would be used even though the process effects may play a prominent
role for the system’s performance in a crash. Traditional industrial
modelling procedures for the numerical analyses of bumper beam systems
include the most widely used material models, i.e. MAT-24 and MAT-103,
in LS-DYNA (Hallquist, 2003), but these models does not support any
attempt at including process effects on the material. For the accuracy and
robustness of the analyses in general it is, however, possible to include
process effects in to the numerical analyses and to perform “process-based”
crash simulation.

The industrially offered solutions are required to behave in a strictly
controlled and robust manner in low to high velocity impacts and often the
systems also include a crashbox situated in between the bumper beam and
the longitudinal. The idea with this system design is that the bumper beam
system should yield a specific function within different velocity regimes. At
low velocity impacts up to 4 km/h the bumper beam system should absorb
the impact energy entirely elastically, i.e. without any plastic deformation
whatsoever. Up to 8 km/h the energy should be absorbed through plastic
deformation confined to the bumper beam itself. Up to 15 km/h all the
impact energy should be absorbed in the bumper beam and crashboxes

-An experimental and numerical study- 3



Chapter 1 Introduction

while as for higher impact velocity all components in the system should
absorb an optimised part of the energy in interaction with connected units,
thus contributing significantly to the safety of the vehicle’s occupants.
Further, zones within the system might be allowed for fracture, as long as
the system does not disintegrate or deforms in a mode that reduces the
energy absorption. A system is said to be “robust” if it results in the wanted
controlled characteristics, even under presence of inevitable industrial
variations in geometric and material properties, and also for some variations
with respect to other parameters as for instance impact velocity and loading
angle (Lademo et al., 2005).

The bumper beam system in this study consists of a bumper beam directly
connected to a longitudinal at both ends, hereafter named a bumper beam-
longitudinal system. That is, the system does not include any crashboxes.
This is also the preferred system for some automotive producers, since a
longitudinal will offer higher resistance to deformation, and thus give higher
energy absorption than if crashboxes are used. Frontal offset crash testing
has gained acceptance worldwide as an assessment of the frontal
crashworthiness of vehicles. However, assessing the impact performance of
bumper beam-longitudinal system through full-scale crash tests of a car is
not easy as the view of the system is hidden. Thus, a separate study on the
bumper beam-longitudinal system is required to understand the involved
physics. This is the main motivation for the present study on bumper beam-
longitudinal system at offset impact.

1.2 Problem definition

The problem studied is outlined in Figure 1-2 where a trolley, with a given
initial velocity and mass, impacts the bumper beam-longitudinal system at
40% offset. The definition of 40% offset is taken as the distance from the
impact point to the extreme left end of the bumper beam. At impact, the
impact energy (kinetic energy) of the trolley is mainly absorbed in
collapsing the bumper beam as well as the longitudinal at the impacted end,

4 Bumper beam-longitudinal system subjected to offset impact loading



Section 1.2 Problem definition

i.e. impacted longitudinal. While the non-impacted longitudinal experiences
only minor deformations.

When a system, like the one in Figure 1-2, is fitted to a vehicle and expected
to perform well in a NCAP test or in a real life impact, it is important that
the energy absorption capabilities are predictable. Further, these capabilities
have to be evaluated in order to ensure the integrity of the passengers’
compartment.

In the design process and crash assessment of vehicles Finite Element
Method (FEM) is an indispensable tool. It enables new design concepts to
be evaluated where the optimum interaction between materials and
structural forms can be studied. The value of such numerical analysis is
strongly dependent on a precise description of the mechanical behaviour of
the material and also the application of enhanced material models (Lademo,
1999). This means, however, that the code has to be validated against
precision tests in the laboratory to ensure proper modelling of the member

0.6L

N

Trolley

Interface plate” |

Longitudinal -

650

L

81 _|.80, L = 1066 80_|_81

L = 1388

Figure 1-2 Bumper beam-longitudinal system at 40% offset impact.
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Chapter 1 Introduction

geometry, boundary conditions, material properties and fracture. Thus, in
order to establish a reliable experimental database for the system in Figure
1-2 only few parameters were varied. The experimental database was used
for the development and validation of modelling procedures for the crash
performance of the bumper beam-longitudinal system with the use of the
nonlinear FE-code LS-DYNA.

In the bumper beam-longitudinal system the major part of the deformation
will take place as a combination of progressive buckling and bending. It is
important that the numerical model is capable of handling both these
collapse modes. The numerical model should able to predict the collapse
mode with a high level of certainty in order to ensure robust design.

1.3 Previous work

Thin-walled tube-like structures have been extensively studied as energy
absorbing components by various researchers and comprehensive reviews
can be found in the literature. (Johnson and Reid, 1978; 1986; Reid, 1993;
Alghamdi, 2001; Jones, 2003; Abramowicz, 2003).

The open literature available on bumper beam studies is vast and the
majority of studies carried out into bumper beam design have been related
to the U.S. protection requirements. The structural performance of
aluminium bumper beams is examined by Sharp et al. (1978), from the
standpoint of local damage (i.e. resistance to denting and cracking), with
regard to low-velocity impact (8.3 km/h). Significant cost savings can be
made of being able to predict the damageability of proposed bumper beam
designs from “blue prints”. This led Tang (1979) to investigate computer
modelling of bumper beam impact resistance. Johnson and Walton (1983)
studied a series of selected car bumper beams by quasi-static loading at their
mid-span, and showed that the assumption that a bumper beam could
deform through 102 mm before the body of the vehicle would become
damaged was an overestimate. However, the literature available on bumper

6 Bumper beam-longitudinal system subjected to offset impact loading



Section 1.4 Objectives and research methodology

beam systems connected to longitudinals is rather limited or non-existing. In
this direction the only journal papers produced is by Hanssen et al. (2003a)
and Lademo et al. (2005).

1.4 Objectives and research methodology

The objectives of this study were to increase the physical understanding of
the different phenomena taking place during the offset impact of an
automotive bumper beam-longitudinal system as well as to validate a
modelling procedure for the system’s crash performance. The specific tasks
are divided into two major parts that complement each other:

% Experimental work involving the effect of:
» Alloy and temper condition of the longitudinals
» Trolley impact velocity

% Numerical work using the non-linear FE-code LS-DYNA (Hallquist,
2003) involving:

» Verification of a user-defined elasto-viscoplastic material model.

» Simulation of forming process for generating the FE-model of the
bumper beam with required curvature.

» Establishing an FE-model of the bumper beam-longitudinal system
for wvalidation purposes. Focus was placed on the force-
deformation response and the ability to predict the correct
deformation and fracture modes.

» Comparison with standard industrial modelling procedures.

» Influence of process effects, due to stretch-bending of bumper
beam, on the crash behaviour of bumper beam-longitudinal
system.

-An experimental and numerical study- 7
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The research work has the following limitations:

% The problem definition given in Section 1.2

% Two impact velocities for the trolley i.e. 10 m/s (~ 36 km/h) and 15 m/s
(~ 54 km/h).

% Single alloy for the bumper beam; AA7108-T6.

% Longitudinals of two different alloys (AA7003 and AA6060) and two
temper conditions (T79 and T1). The longitudinals in AA7003-T79,
AA7003-T1 and AA6060-T1 were selected.

% Longitudinals with constant wall thickness, span length and cross-section
area of 3.2 mm, 650 mm and 95x80 mm?® respectively.

% Trolley with constant mass; 794 kg.

To achieve the objectives the research method is based on an integrated use
of experiments (both material tests and full-scale system tests) and nonlinear
FE-analyses. Hence, this method has been followed in organisation of the
thesis. A summary of the content of the different chapters is given below.

Chapter 2 explains the theoretical background for modelling of the material
behaviour in a crash situation. The chapter gives the foundation for the work
presented in the following chapters. It also introduces the chosen
constitutive relation and fracture criteria that should able to represent the
mechanical response of the material subjected to impact loading.

Chapter 3 contains experimental work on the material level. The chapter
introduces the materials that are considered in this study for the bumper
beam (AA7108, temper W and T6) and longitudinals (AA7003-T79,
AA7003-T1 and AA6060-T1). Several effects were included in the study
and consequently various tests were carried out; both traditional ones as the
uniaxial tensile tests and others more specifically to identify certain model
parameters. In order to investigate the strain-rate sensitivity, dynamic tensile
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tests were carried out over a wide range of nominal strain-rates. From these
tests the dynamic stress-strain behaviour was acquired.

Chapter 4 presents the overall test programme and the test set-up used for
testing the bumper beam-longitudinal system at 40% offset impact. The test
set-up is called the Kicking machine. The calibration procedure of the
loadcells along with the instrumentation and data acquisition systems is
discussed.

Chapter 5 presents the experimental work on the bumper beam-longitudinal
systems. Results from the offset impact tests when using different
longitudinals and impact velocities are discussed thoroughly. Comparison of
results is made for similar systems with different impact velocities. A part of
this work has previously been presented at the International Conference on
Impact Loading of Lightweight Structures (Kokkula et al., 2005).

Chapter 6 explains how the FE-simulation of the stretch-bending and other
forming operations were performed to obtain a numerical model of the
rotary stretch-bent bumper beam. The other forming operations include
trimming and reshaping of the holes. In the end, the assembly of a
simulation model for the crash set-up is presented.

Chapter 7 presents the numerical simulations of the bumper beam-
longitudinal system subjected to 40% offset impact. Numerical and
experimental results are compared, and the use of different material
modelling approaches for a selected bumper beam-longitudinal system is
discussed.

Chapter 8 presents the sensitivity study. The sensitivity study includes both
physical and purely numerical parameters. The physical parameters
investigated were strain-rate, heat-affected zone (HAZ), process effects on
the material and fracture criteria, while numerical parameters were element
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formulation, mesh size, number of through-thickness integration points, self
contact and adaptive meshing.

Chapter 9 is the final chapter where the concluding remarks are presented
together with some recommendations for further work.

10 Bumper beam-longitudinal system subjected to offset impact loading



Chapter 2 Theory

Automotive impact is a highly complex phenomenon involving large and
unstable elastic-plastic deformations. In a crash, the crash energy is
dissipated by extensive plastification of the structural elements that are used
as energy absorbers. Usually crash events occur at higher strain-rates, thus
consideration of viscous effects might also be crucial in the analyses. The
aim of this chapter is to present the basics of elasto-plastic/visco-plastic
constitutive modelling, including the effect of strain-rate and plastic
instability mechanisms. A further aim is to give a basic foundation for the
work presented in the following chapters. Through this chapter the reader is
introduced to modelling of a material subjected to impact.

2.1 Elasto-plasticity/Visco-plasticity
2.1.1 General formulation

Many of the essential features of the stress-strain behaviour of a material
can be obtained from a set of stress-strain curves for the material response in
a state of one-dimensional stress, i.e. uniaxial tensile test, which is widely
used for characterisation of ductile materials (Dieter, 1988; Khan and
Huang, 1995). Tensile testing involves gripping of the specimen at each end
in a testing machine and elongated at a prescribed rate in the axial direction
until it fractures. The elongation of the gauge section and the load are
measured, and the engineering stress-strain curve, Figure 2-1, is constructed.
The engineering stress, also known as the nominal stress, is defined by

§=— (2.1)

and the engineering or the nominal strain is further defined as

-An experimental and numerical study- 11



Chapter 2 Theory

(2.2)

where T is the applied axial load, 4 is the undeformed area of the cross-
section and /) and / are the initial and the current gauge length of the
extensometer, respectively.

Figure 2-1 shows a typical stress-strain curve from a uniaxial tensile test for
aluminium, from which important material characteristics can be extracted.
Up to point A the deformation will be elastic, indicating that the material is
able to regain its original dimensions completely after removal of the
applied force. The stress-strain relationship below point A is linear and is
represented by Hooke’s law. The slope gives the modulus of elasticity, also
called as Young’s modulus. Point A is called the yield point. As the material
becomes unstable at point A, the material shows non-linear elastic-plastic
behaviour as seen in Figure 2-1.

Sy -

v

Figure 2-1 Characteristic stress-strain curve under uniaxial loading for
aluminium.
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The gradual transition in Figure 2-1 makes it difficult to establish a precise
yield stress. For such cases a proof stress may be quoted. This is the stress
to produce a specified amount of permanent deformation - often 0.2%, i.e.
about half the elastic strain at yield. In some metals, like galvanised and
bake-hardened steels, the transition from elastic to plastic deformation
shows a sharp yield plateau (Marciniak et al., 2002).

The material becomes stronger with the increase in plastic deformation of
the specimen, i.e. it hardens, implying that the load required to extend the
specimen increases with further straining. Eventually the load reaches a
maximum value, point C, and the ultimate tensile strength is obtained. After
this point the engineering stress starts to decrease with increasing strain due
to instability or diffuse necking in the specimen (Dieter, 1988). The
condition for the formation of diffuse necking will be discussed in Section
2.2.1. The cross-sectional area of the specimen begins to decrease rapidly,
so that load required during deformation drops until the specimen fractures
at point D.

The initial yielding is followed by a region (elasto-plastic deformation) in
which the deformation in the specimen is uniform and the stress increases.
The increase is due to work- or strain-hardening, which is a phenomenon
exhibited by most metals and alloys. If the material is unloaded in this
region, say from point B to E, BE will be parallel to the initial loading path
OA. The strain is the recovered elastic strain ¢° and the rest is permanent or
plastic strain e”. Hence, according to the theory of plasticity the total strain
in the elasto-plastic region consists of two parts

e=¢e‘+e’ (2.3)

where for metals the elastic strain is normally smaller than the plastic strain.

In obtaining the engineering stress-strain curve from the load-extension
diagram, the load was divided by initial cross-sectional area 4, and the
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extension by /). Thus the curve obtained was independent of the initial
dimensions of the specimen, but it is still not a true material property curve.
During the test, the cross-sectional area will diminish so that the true stress
on the material will be greater than the engineering stress.

Alternatively, the stress-strain response is given in terms of true stress. The
true stress (or Cauchy stress) is given by

o=— (2.4)

d/ tdl /
== & n—
i i I,

de (2.5)

where A4 is the current or deformed cross-sectional area and / is the current
or deformed gauge length of the specimen. The relation between the
nominal and the true strain is obtained by combining Equations (2.2) and
(2.5) which gives

e=In(1+e) (2.6)

Assuming the constancy-of-volume condition due to Bridgman (1952) for
ductile metals, it is possible to write

A=Al 2.7)

where the elastic strains, that are assumed to be small, are neglected. Hence
the relationship between the nominal and the true stress may be obtained as

LT ive 2.8)

o=
A 4,1

As mentioned, the load, and therefore also the nominal stress, required for
further deformation, falls off after reaching diffuse necking. However, the
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metal continues to strain-harden all the way to fracture. This means that the
true stress required to produce further deformation should also increase.
Equation (2.8) is derived from assuming both constancy of volume and
homogeneous distribution of strain along the gauge length of the specimen.
Beyond the maximum load the true stress should be determined from actual
measurements of load and cross-sectional area, while the true strain should
be based on the actual area measurements.

2.1.2 Anisotropy

Materials in which the same properties are measured in any direction are
termed isotropic, but many engineering materials produced as
extrusions/sheets show a difference in properties measured in specimens
aligned in different direction. This variation is known as planar anisotropy
(Marciniak et al., 2002). In tensile tests of material in which the properties
are same in all directions, one would expect, by symmetry, that the width
and thickness strain would be equal; if they are different, this suggests that
some anisotropy exists.

The state of anisotropy is usually indicated by the r-value. This is defined as
the ratio of width strain to the thickness strain. In some cases, the thickness
strain is measured directly, but it may be calculated also from the length and
width measurements using the constant volume assumption,

htl=hytyl, or L =%, outside the necking as (Marciniak et al., 2002;
tO

Hosford and Caddel, 1993)

ln: ln:
r= to :—h‘; (2.9)

In— In—2

A hi
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where 4y and £ are the initial and final width and ¢ and ¢ are the initial and
final thickness of the gauge section. It was assumed that r-ratio in Equation
(2.9) is constant during the deformation. Experimental evidence supporting
this way of calculating the r-value can be seen in Lademo et al. (1999). The
direction in which the r-value is measured is indicated by a suffix, i.e. ro, 745
and r9 for tests in the extrusion, diagonal and transverse direction
respectively.

2.1.3 Strain-rate effects

In crash situations the material behaviour is deformed at high strain-rates.
Experimental tests of ductile metals show that by increasing strain-rate, the
flow stress is normally increased as well (Dieter, 1988). The yield stress and
the flow stress at lower plastic strains are more affected by the strain-rate
than the tensile strength. However, the material ductility is typically reduced
with increasing strain-rate.

The strain-rate dependence of flow stress increases with increasing
temperature. Decreasing the strain-rate has the same effect on the flow
stress as raising the temperature (Dieter, 1988). The strain-rate sensitivity of
metals is quite low at room temperature, but may increase with temperature,
for steel it is slightly positive and for aluminium close to zero or slightly
negative. Positive rate sensitivity usually improves forming and has an
effect similar to strain-hardening (Marciniak et al., 2002). In Section 2.3
constitutive relations relating the strength of the material to strain and strain-
rate will be discussed in more detail.

2.2 Plastic instability
2.2.1 Diffuse and localised necking

Diffuse necking and localised necking, shown in Figure 2-2, are two
important instability phenomena that are of tremendous importance in the
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study of failure of metals. Because the formation of these instabilities is an
important precursor to failure of components, computational prediction of
the onset and growth of these instabilities is indispensable in calculations of
the ultimate ductility and strength of structures and materials (Lademo,
1999).

As soon as the material reaches the maximum load during a tensile test, the
specimen becomes unstable and a neck develops, see Section 2.1.1. In this
necked region the strains become highly localised. The stress in the
specimen as the specimen deforms, will increase for a strain-hardening
material and the cross-sectional area will decrease. At some stage, the rate
of strain-hardening will fall below the rate of reduction in area and the load
will reach its maximum value. At this instant,

dT=d(cA)=cdA+ Ado=0 (2.10)
or _dd_do @2.11)
A o

Combining the above condition with the constancy-of-volume relationship

dV=d(Al)= Adl +1d4=0 (2.12)

f

Diffuse neck Localized neck

Figure 2-2 Diffuse and localised necking, (Hosford and Caddel, 1993).
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and further

a__d_,. (2.13)

Hence, we obtain the point of tensile instability

do
—=0 (2.14)
de

Equation (2.14) is the well-known Consideré condition for maximum load
in a specimen in tension. A more explicit expression of the necking criterion
may be obtained when using the nominal strain, i.e.

g=do _dode_dodjl, do! _do ., 2.15)
de dede de dl/l del, de

or by slightly re-writing it

do_ o
de (1+e)

(2.16)

For a sheet tensile specimen, as in Figure 2-2, where the width is much
greater than thickness, there are two types of tensile instability. The first is
necking that initiates according to the criterion discussed above and is called
diffuse necking. The necking is called diffuse because its extent is much
greater than the sheet thickness. Diffuse necking may terminate in fracture
although it is often followed by a second instability process called localised
necking. In this second instability the neck is a narrow band with a width
about equal to the sheet thickness inclined at an angle to the specimens
loading axis, as seen in Figure 2-2. There is no change in the angle and the
width of the neck. The decrease in the specimen’s cross-sectional area for
further straining is therefore restricted to the thickness direction, which
means that the localised necking corresponds to a state of plane-strain
deformation. In a uniaxial tensile test, or generally at the left hand side of
the Forming Limit Diagram (FLD), Marciniak and Kuczynski (1967) theory
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is not required. In the next section theory of Marciniak and Kuczynski
(1967) is presented to account for the failure discussed above.

2.2.2 Marciniak and Kuczynski theory

For assessing and understanding (more clearly) the plastic instability
phenomenon, the classical instability analysis by Marciniak and Kuczynski
(1967) is important. The discussion presented here is based on Barlat
(1987) and Lademo (1999).

Marciniak and Kuczynski theory assume that an initial heterogeneity in the
material thickness is present, and the assessment of plastic instability is
performed using the two-zone model as in Figure 2-3. The heterogeneity is
described in terms of a groove (b) oriented at an angle w to the minor
principal stress direction. The thickness inside the groove is e while the
thickness outside is €. The initial inhomogeneity factor is defined as the
ratio

% =(i] (2.17)

Figure 2-3 A sketch of the model of Marciniak and co-workers, Barlat
(1987).
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A biaxial stress state is imposed on the homogeneous region, (a), and the
evolution of the strain-rates in both regions (a) and (b) is examined. The
plastic strain increment in the thickness direction has to be larger inside the
groove than outside to satisfy the force equilibrium across the groove.
Hence, the groove will grow in a certain manner depending on among other
the magnitude of the initial heterogeneity, Equation (2.17). The limiting
strains are achieved when the ratio of these two strain-rates approaches a
critical value corresponding to local instability. For a given path, the
forming limit is obtained for the groove orientation w that leads to the
minimum calculated limiting strains. For a material exhibiting planar
isotropy and subject to a linear strain path, the critical groove orientation
corresponds to an angle w = 0 in the whole stretching range Barata da
Rocha et al. (1984).

The original assumptions for the Marciniak and Kuczynski analysis are
planar isotropy, Hill (1950) yield criterion, associated flow rule, and a
power law strain-hardening rule. However, Barlat (1987) found that the
yield surface shape has a tremendous effect on the predicted failure limits.
Furthermore, Barlat explains the reason why the failure strains are so
sensitive to the yield surface shape. This explanation is shortly repeated in
the following.

In the case of planar isotropy, Sowerby and Duncan (1971) interpreted the
process of localised necking by means of a yield locus as the one in Figure
2-4. Let us start considering the special case without any strain-hardening.
In such a case, all stress states involving plastic deformation correspond to
points on the locus represented by the full line. Equilibrium requires the
major principal stress to be larger inside the groove than outside it,
o, >0, , during the loading process. If the loading is proportional and

ignoring work-hardening, the stress state in region (a) is represented by

point A during the entire straining process. Since o, >0, , the stress in

al

region (b) has to be represented by a point further along the o, -axis.
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Assume that it is represented by point B;. With the increase in strain, the
relative thickness of the groove decreases. The major principal stress in the
groove has to increase, and point B; will have to move further along the o, -

axis until it reaches the limiting point Bo. When point B, reaches By failure

will soon occur. It is seen from Figure 2-4 that de] becomes large and
de) —0 as point B; approaches By. From the assumption of plastic
incompressibility it is known that def +de} +del =0, where de! is the
strain increment in thickness direction in the groove. In conclusion,
de} =—de] attains large negative values, i.e. the thickness rapidly

decreases, which in reality means that the material will fracture. Even if the
material strain hardens the explanation above applies. However, the rotation
of point B; towards By will be slowed down, and the material will attain a
higher limiting strain. This interpretation clearly demonstrates the
tremendous importance of the shape of the yield surface. Consider for
instance the difference in failure strain that would be predicted using the
yield stress of von Mises and Tresca. In the former case, the stress in the
limiting point of plane strain is approximately 13% higher than the stress at

“0.0 05 1.0 1.5
oy

Figure 2-4 Interpretation of localised plastic flow, Barlat (1987).
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balanced biaxial stress. In the latter case, however, there is no stress reserve
and localisation will occur at an earlier stage.

It is further concluded, based on the considerations above, that the
hardening rule adopted in the constitutive model may significantly alter the
failure predictions for the material. Tvergaard (1978) found that kinematic
hardening gave far better agreement with experimental results than the
assumption of isotropic hardening.

Thus, accurate representation of plastic instability in LS-DYNA requires
proper spatial discretisation, constitutive equations and parameters for the
sheet/extrusion material at hand and possibly also some inhomogeneity in
geometry or material properties. In Section 3.7, thickness inhomogeneity in
the form of random Gauss-distribution has been used for simulating the
tensile tests for the bumper beam material.

2.3 Constitutive model

As mentioned, the value of numerical analyses is strongly dependent on a
validated modelling technology with accurate material models and fracture
criteria. For the crash analyses of bumper beam-longitudinal systems,
reliability and efficiency are important criteria for the choice of a
constitutive model for the materials in question. In the following, the
equations of a constitutive model for aluminium alloys are presented. The
main ingredients of the model are a state-of-the-art anisotropic yield
criterion, the associated flow rule, an isotropic strain and strain-rate
hardening as well as some ductile fracture criteria (Lademo et al., 2004a).

2.3.1 General

Small strains and rotations are assumed in the presentation, while in the
numerical implementation large rotations are accounted for in the co-
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rotational shell elements (Belytschko et al., 2000). The strain tensor & is
decomposed into elastic and plastic parts (Lemaitre and Chaboche, 1990)

g=¢g‘+¢’ (2.18)

where €° and &” are the elastic and plastic strain tensors, respectively. The

relation between the stress tensor ¢ and the elastic strain tensor €° is
defined as

c=C:e°=C:(g—¢") (2.19)

where C is the fourth order tensor of elastic constants.

The yield function f, which defines the elastic domain in stress space, is
expressed in the form

f=f(6)—(o,+Y(£)<0 (2.20)

where o, is the reference yield stress, Y is the strain-hardening variable,

while the convex function f is defined below. The effective stress & is
defined by

c=f (6) (2.21)
The strain hardening is given by (Lemaitre and Chaboche, 1990)

Y(e)= Z O (1-exp(Cy€)) (2.22)

where ¢ is the accumulated plastic strain and Q,, and C,, are strain-

hardening constants.

The generalised associated flow rule defines the evolution of the plastic
strain tensor and the accumulated plastic strain as (Lemaitre and Chaboche,
1990)
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&=

/i@, g*:—/il_ (2.23)
06 oY (¢)

where 4>0 is the plastic multiplier. Equation (2.23), leads to £=A. The

loading/unloading conditions are written in the Kuhn-Tucker form
(Belytschko et al., 2000)

<0, A20; Af=0 (2.24)

These equations are used to define plastic loading and elastic unloading,

while the consistency condition, /=0, is utilized to determine the plastic

multiplier 4 during a plastic process.

2.3.2 Extension to visco-plasticity

For strain-rate sensitive materials a visco-plastic model should be used. In
the constitutive model described above, visco-plasticty is included by
substituting Equations (2.20) and (2.24) by

0 for f<0

A=y (5,Y(%)) for  £>0 (2.25)
n

Here y is the overstress function and # is the viscosity, while f'is the yield
function (as in Equation (2.20))

f=f(6)-(c,+Y()) (2.26)

The strain-rate dependence of the effective stress will be defined by the
constitutive relation

c=f(06)=(o, +Y(E))-(1+‘,9—;] (2.27)

&y
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Solving for £ gives

N o
Z:go( o ] L |(EYE) (2.28)

Equation (2.23), leads £=A.

2.3.3 Aretz yield criterion (Y1d2003)

Prior studies have shown that aluminium alloys used in automotive
applications have complex mechanical properties with anisotropic strength
and ductility and that it may be necessary to use relatively complicated
constitutive models to obtain the required accuracy in the numerical
analyses (Lademo et al., 2004c). In this work the anisotropic yield criterion
that is proposed by Aretz (2004) has been used for accurate and efficient
representation of strong anisotropy in the materials (Lademo et al., 2004b).
The criterion contains eight anisotropy parameters that can be fitted to
experimental data, and has a simple mathematical form that is also efficient
for computational analysis:

27" = o +|os|" +|or—o]" (2.29)

’
+|o?

with the generalized principal stress transformations

2
!
(o} a,-o_+a o a,-o_—da, o
T{_ ™8 X 1 y 2 x 3 y
,}— i\/[ j +(a,)* 0,0, (2.30)

o, 2 2

and

n 2
o, o.to, as-o,—ag- 0,
= + +(a) o.0 2.31
02”} 2 \/( 2 J (7) xy 7 yx ( )

where q,,a,,...,a, are dimensionless anisotropy parameters. The exponent m
can be taken as 6 or 8 for bce or fcc sheet materials respectively. These
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eight parameters can uniquely be found from eight experimental data points.
If one is missing, it is also possible to simply ignore g, or equivalently fix it
to unity (Aretz, 2004). The von Mises yield criterion is contained as a
special case for ¢, =a, =...=a, =1 and m = 2.

2.3.4 Fracture criteria

An often used fracture criterion in the large-scale FE-simulations has been
the critical equivalent plastic strain. However, it is well known that the
equivalent plastic strain is not suitable as a fracture criterion when a
structure is subjected to general loading modes. Two different fracture
criteria have been used in the numerical analyses see Section 8.1.3, i.e. the
critical thickness strain (Yeh et al.,, 1999) and the Cockcroft-Latham
criterion (1968).

2.3.4.1 Critical thickness strain (CFS)

The first fracture criterion is based on the thickness strain, i.e. the element is
eroded when some or all integration points of an element reaches a critical
thickness strain:

Q
Il
<

If ¢ <¢g, =

(2.32)

2.3.4.2 Cockcroft Latham (CL)

The second fracture criterion employed here is a criterion proposed by
Cockcroft and Latham (1968). The element is eroded if the term
fmax (0,,0)dz obtains a value larger than a critical parameter W, in some
0

or all integration points of an element:

If j.jmax(o],O)dEZ w, = o¢=0 (2.33)
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Here o7 is the maximum principal stress, & is the effective plastic strain,
and W, is here called the critical specific plastic work.

Numerical aspects

The above discussed constitutive and fracture model is implemented in LS-
DYNA as a user-defined material model in previous works (Lademo et al.,
2004a; Berstad et al., 2004) and is here referred to as MAT-41. As will be
seen in Chapter 7, in addition to MAT-41, crash simulations of the bumper
beam-longitudinal system are also performed with widely used industrial
material models, i.e. MAT-24 (Piecewise Linear Isotropic Plasticity) and
MAT-103 (d4nisotropic Viscoplastic) see Hallquist (2003). One difference
between MAT-24 and MAT-103 is the hardening curve representation; in
the former a load curve with true stress-strain values is used directly or it
can be given by 8-points, hence the name “Piecewise Linear”, while in the
latter it is fitted with an extended Voce rule (Equation (2.22)). Another
difference is the choice of yield criterion, where MAT-24 is based on the
von Mises yield criterion and MAT-103 is based on the yield criterion due
to Hill (1950). Note, however, that the parameters of Hill criterion have
been chosen so that the yield surface is effectively the one represented by
the von Mises yield criterion.

In the numerical simulations, when the fracture criterion is satisfied in one
layer of a shell element this layer becomes inactive; i.e. the stress
components in the layer are all taken equal to zero. When a user-defined
number of integration points within an element have become inactive, the
element is removed from the FE-model using the element erosion algorithm
available in LS-DYNA (Hallquist, 2003). This means that it is, in principle,
possible to follow the evolution of a “crack™ through the structure. The
fracture criterion is checked in all integration points in the structure for each
time-step throughout the loading process.
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Material testing was carried out to characterize the materials. The goals of
this chapter have been to identify parameters in constitutive and fracture
models, see Section 2.3, that are used in numerical simulations in Chapter 7.
The work presented in this chapter has been carried out in cooperation with
an ongoing project titled “Modelling of Instability and Failure” (MoDIF)
that has also been reported by Reyes et al. (2005).

Several effects were felt necessary to study and consequently various
material characterization tests were carried out; both traditional ones as the
uniaxial tensile tests and others more specifically to identify certain model
parameters. The true stress-strain behaviour was obtained with standard
quasi-static tensile tests in Section 3.1.2. In order to study anisotropy, tensile
tests in three directions were carried out aiming at acquiring r-values and
flow-stress ratios. These values were used to calibrate the constitutive
model. The tensile tests also provide some knowledge about fracture, that
were used to calibrate the fracture models discussed in Section 2.3.4.

With the intention of examining the strain-rate sensitivity of the materials,
dynamic tensile tests were carried out. These results are discussed in Section
3.2. These data were used to include strain-rate effects in the material
model. Through-thickness disk compression tests (Barlat et al., 1997b) were
also conducted. The equibiaxial -value that is obtained from this test was
used in the calibration of the utilised yield criterion.

As mentioned in Section 1.4, one of the objectives of this work was to study
the influence of process effects on the crash performance of the bumper
beam-longitudinal system. Thus, a test programme following on the process
effect on the material properties was carried out. In general, manufacturing
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of a bumper beam from aluminium extrusions involves a series of forming
operations performed in the soft W-temper condition, followed by artificial
age-hardening of the components to the desired temper. After a forming
operation, the material is influenced by the process, but this effect is
traditionally neglected in the analyses of a formed component. The effects
of forming processes have been here called “process effects” and the last
test series reported here was performed with the purpose of exploring the
influence of forming with simple uniaxial tensile tests. Similar tests have
previously been reported by Lademo et al. (2004c). The tests were carried
out in two steps; (1) Uniaxial pre-stretching of specimens in the forming
state (W temper) to a given strain and (2) Uniaxial tensile tests of the pre-
stretched specimens in the final state (temper T6) until fracture. An
overview of the material test programme is given in Table 3-1.

3.1 Quasi-static tensile tests
3.1.1 Experimental details

All tests were applied a strain rate of ~107 s”'. The extensometer gauge
length was 12.5 mm. The specimens were taken from the bumper beam
(AA7108-T6) and the longitudinal materials (AA7003-T79, AA7003-T1
and AA6060-T1). In order to perform a process-based crash evaluation,
tests in W-temper of AA7108 were carried out. For the interface plate
(AA7003-T1) the material was taken from an extruded rectangular (82x10
mm?) plate. The experimental program is given in Table 3-2. The specimen
type is indicated in the table, and the corresponding geometry is shown in
Figure 3-1. Width and thickness were measured at five different places
along the gauge length prior to testing. More details on the measured width
and thickness of the gauge area can be found in Reyes et al. (2005). Three
parallels of each test were carried out. The specimens were machined from
unformed extrusions, and taken out in 0°, 45° and 90°-direction to the
extrusion.
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Chapter 3 Material Properties

The test specimens from the longitudinals had to be quite small in order to
acquire specimens in the 90°-direction (gauge length was 30 mm). With a
width-to-thickness ratio of 5/3.2, triaxial effects after onset of necking and
with respect to classical types of instability may be significant. In order to

Table 3-2 Experimental program and specimen types.

Material
Bumper beam Longitudinal Longitudinal
AAT7108 AA7003 AA6060
Direction W T6 TI1 TI (plate) T79 T79 (large) TI
0° B B A B A C A
45° B B A A A
90° B B A A A
Specimen type A
&
d |-o— ®
o0 ']
10_|_9 ! 4p ‘ S |10
60
80
Specimen type B
&
o
© o
§ | =
15 17,5 45 17,5 15
110

Specimen type C

N m——

110 ‘ 120 ‘ 110

380

Figure 3-1 Specimen geometries for quasi-static tensile tests.
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check the influence of this, large specimens (//t = 30/3.2) (specimen type C)
taken out in the 0°-direction were tested for AA7003-T79.

Temper W for the bumper beam material (AA7108) was achieved by heat
treatment of specimens taken from an unformed extrusion in temper T1. The
specimens were heated at 480°C for 20 min, quenched, and then tested
(stretched until fracture) within 20 minutes after the heat treatment. The heat
treatment and finishing times for the tests is given by Reyes et al. (2005).

3.1.2 Results
3.1.2.1 Stress-strain curves

The stress was calculated from the load measurements, while the strains
were taken from the extensometer. However, after the maximum load, the
strains were calculated from the crosshead displacement. This was done to
achieve comparable engineering strains between the respective tests since it
might vary whether localisation occurred outside or inside the extensometer

gauge.

The engineering stress-strain curves from the tensile tests of the bumper
beam material AA7108, temper W and T6 are shown in Figure 3-2. Curves
from all three investigated directions are plotted. As seen, the anisotropy in
strength and ductility is significant (respectively £10% and up to 40% with
respect to the values for the 0°-direction), and the experimental scatter is
very low. For both tempers, the 90°-direction has the highest strength, and
the 45°-direction has lowest strength. The strength anisotropy in the W- and
T6-tempers seems to be comparable. In W-temper, the specimens in the 45°-
direction are more ductile than in the other two directions, while in T6-
temper, the specimens in the 0°-direction are slightly more ductile than in
the 45°-direction. It is also observed from the curves that serrated flow
(repeated appearance of discontinuities in the stress-strain curve) is extreme
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for the material in W-temper, while almost non-existent for temper T6. This
behaviour is known as the Portevin-Le Chatelier (PLC) effect (Portevin and
Le Chatelier, 1923), which is widely accepted to arise from the attractive
interaction between diffusing solute atoms and mobile dislocations known
as dynamic strain aging (Shen et al., 2004) and may induce a macroscopic
negative strain-rate sensitivity of the flow stress (Hahner and Rizzi, 2003).

The engineering stress-strain curves from the tensile tests of the longitudinal
material AA7003 (temper T1 and T79) are shown in Figure 3-3. Results
from the tests on large specimens in temper T79 and the plate in temper T1
are included in this figure. There is not much difference in strength between
the specimens in 0°- and 90°-direction for this material, but there is a large
difference in ductility (up to almost 50% of the 0°-direction). Because of the
early fracture of the specimens in 90°-direction for temper T1 they also have
a lower ultimate stress than the specimens in the 0°-direction. Specimens in
the 45°-direction have lower strength (10-15%) than the specimens in the
other two directions. The engineering stress-strain curve for the plate in
temper T1 is also somewhat higher than the base curves. These differences
could possibly be due to different texture in the longitudinal and plate owing
to the geometry difference between the extrusions. It also seems that a small

Eng stress 250 Eng stress 500
[MPa] i L [MPa]
v
— 400 — —
— 300 —| —
200 —|
AAT108-W
50 0° 100 —
# 45°
—— 90
o7 0BT 17
0 0.1 0.2 0.3 0.4 0 0.04 0.08 0.12 0.16 0.2
Eng strain [-] Eng strain [-]

Figure 3-2 Engineering stress-strain curves for AA7108, temper W (left)
and T6 (right).
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Section 3.1 Quasi-static tensile tests

PLC-effect is present for both tempers, but less for the large specimens and
the specimens from the plate.

The curves from the large specimens in temper T79 are a little higher than
the base curves. This could be caused by small non-linearities in the load
cell characteristics that can influence the results from the large and small
specimens.

For the large specimens in alloy AA7003-T79, two loading rates were
checked: One (6 mm/min), corresponding to a strain rate of ~107 s™' as all
the other tests, and one ten times faster (60 mm/min). Figure 3-4 provides
the engineering stress vs. the crosshead displacement for the two loading
rates. As seen, the strain-rate sensitivity at these rates seems negligible.

Figure 3-5 shows the engineering stress-strain curves from the tensile tests
of AA6060-T1. There is not much difference in the strength levels of the
three directions. However, there is a considerable anisotropy in ductility,
where the 45°-direction is the most ductile, and the 0°-direction is the least.
The PLC-effect is also present for the tests in this material.

3.1.2.2 r-values and flow-stress ratios

In order to identify material anisotropy from experimental tests it can be too
restrictive to use yield stresses and r-values at yield, and these values do not
give a good idea of the material behaviour for a larger strain range (Barlat et
al., 2003). A more attractive method is to use the flow stresses up to a given
amount of plastic work (Barlat et al., 1997a; 1997b; 2003), and r-values
defined as the slope of the incremental width- and thickness-strain
measurements (Barlat et al., 2003). Lademo et al. (1999) found that r-values
could be represented by the slope of width strain vs. thickness strain, and
guided by this and Barlat et al. (2003) r-values were here based on
accumulated and not incremental strains. Width and thickness were
measured at five different places along the parallel length of the specimen to
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achieve an accurate estimate of the r-values. Measurements in clearly
necked parts were ignored.

Furthermore, Lademo (1999) stated that for anisotropic material models,
flow stresses at equal plastic work should be used in the identification of
parameter rather than the flow stresses at equal plastic strain in order to be
consistent with the model assumptions. The explanation for this is that the

| |
400 : : Eng stress 350

[MPa] B

Eng stress
[MPa]

AAT003-T1
100 —Oo—0 =
+ 45°
i B oo L

—&— 0° (Interface plate) $ —h— 0°(large) ||
o8 T T T 0 \ I T
0 0.05 0.1 0.15 0.2 0.25 0 0.04 0.08 0.12 0.16 0.2
Eng strain [-] Eng strain [-]

Figure 3-3 Engineering stress-strain curves for AA7003, temper T1 (left)
and T79 (right).

Eng stress 400 Eng stress 1
[MPa] [MPa]

40 — AA6060-T1

Large tests
AAT7003-T79

6 mm/min ]
60 mmymin g
0
25 0 0.1 0.2 0.3 0.4
Crosshead displacement Eng strain [-]

Figure 3-4 Comparison of loading Figure 3-5 Engineering stress-strain
velocities. curves for AA6060-T1.
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Section 3.2 Dynamic tensile tests

use of the generalised associated flow rule indirectly requires the
incremental plastic work to be equal for a multi-axial and a uniaxial stress
state in the reference direction. Therefore, the flow-stress ratio G, is here
defined as the ratio between the flow stress in one test and a reference flow
stress for the same amount of plastic work:

3.1)

G, =O'a/(7ref

w,

Here o, is the flow stress, o, is the reference flow stress and W, is the
plastic work. Flow-stress ratios for varying plastic work were calculated for
each test, where the flow stress in the first repetition in the 0°-direction was
the reference flow stress. Slight scatter was observed between the flow-
stress in the 0°-direction. The flow-stress ratios for alloy AA7108 temper W
oscillated around an almost constant value for all plastic strains, while for
temper T6 the flow-stress ratios varied somewhat with the plastic strain.
However, this was mainly for the lower and higher plastic strains (in the
tests).

The flow-stress ratios for alloy AA7003 temper T79 varied quite much with
the plastic strain, while smaller variations were found for the alloy AA7003
temper T1. As the material model used in this study is not able to represent
a varying flow-stress ratio, all the curves were fitted to a constant value. The
average r-values and flow-stress ratios from the three parallels in each
direction are listed in Table 3-3. The r-values and flow-stress ratios for
temper W and T6 in AA7108 are very similar, which could indicate that the
two tempers have same anisotropy, and that same yield surface is valid for
both tempers (Lademo et al., 2002).

3.2 Dynamic tensile tests

In order to investigate the strain-rate sensitivity of the materials, dynamic
tensile tests were carried out over a wide range of nominal strain-rates.
From these tests the dynamic stress-strain behaviour was acquired.
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3.2.1 Experimental details

The lower strain-rates, in the range ¢ 6[6-10'4 s'l, 6 s'l], were obtained in a
servo-hydraulic Instron testing machine, where the tests were under
displacement control. Load, crosshead displacement and time were
recorded, and the longitudinal strain was measured with an extensometer. A
modified Split-Hopkinson tension bar (SHTB) (Clausen and Auestad, 2002)
was used to achieve the highest strain rates, in the range ¢e[1.5:10°s™,
1.3-10° s™']. The incident, reflected and transmitted pulses were recorded in
strain gauges placed on the incident and output bars. The engineering stress,
strain and strain rate were calculated from this data. Two parallel tests were
carried out for each strain-rate level. The details regarding the set-up and
results processing are provided by Clausen and Auestad (2002).

Dynamic tensile tests were carried out for the bumper beam material
AA7108-T6, and the longitudinal material AA7003-T79. The specimens in
AA7108 were machined directly from an unformed bumper beam extrusion,
while the specimens in AA7003 were taken from an extruded rectangular
(82 x 10 mm?) plate in temper T1, and heat treated to achieve the T79
condition. The specimen geometry is shown in Figure 3-6. The wall
thickness in the bumper (at the location where the specimens were taken
from) was 3.9 mm, which is smaller than the diameter on the outer parts
(threaded parts) of the specimens (5 mm). As a result, the area of these outer
parts of the specimens in AA7108-T6 was somewhat “shaved”, and not

Table 3-3 r-values and flow-stress ratios.

r-values Flow-stress ratios
Alloy Temper 0 745 790 Gus Gog
Bumper beam AA7108 W 021 194 1.19 0.92 1.09
T6 027 1.67 1.16 0.93 1.06
Longitudinal AA7003 T1 030 138 1.17 0.90 1.01
T79 0.38 1.51 1.05 0.91 0.96
AA6060 TI1 048 029 1.76 1.02 1.01
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Section 3.2 Dynamic tensile tests

completely circular (see Figure 3-6). Tests on similar specimens have been
carried out previously and compared with smaller specimens, and no effect
of this geometry change was observed (Enjalbert, 2003). Additionally, the
threaded parts of the specimens were carefully inspected after the tests, and
they were perfectly intact.

3.2.2 Results

Material data for the dynamic tensile tests are given in Table 3-4. “BA” in
the test name refers here to the tests in the Instron machine, while “sh”
refers to the tests in the SHTB. The initial diameter in the test region was
measured before testing, and is given in the table as dy. Mean strain-rates,
both engineering and true values, are also stated in the table. The true values
are found from the known relations between engineering and true values.
True stresses were found for plastic strains of 2%, 5% and 8%, and these
stresses together with ultimate engineering stress and corresponding
engineering strain are also specified in the table.

The engineering stress-strain curves from all tests are shown in Figure 3-7,
while the true stress-strain curves until diffuse necking are given in Figure
3-8. As one can see, there is a significant influence of the strain-rate with
respect to strength, strain-hardening (as seen from the point of diffuse
necking) and the local ductility. The stress-strain curves from the quasi-

—
o
S
: ¥ P
n
8
4—49 R=14
15 a5 15 3.7
35 _

Figure 3-6 Specimen geometry for dynamic tensile tests.
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static tensile tests of flat specimens are also included in the figure. As one
can see, these curves are quite close to the corresponding curves on small
specimens. For AA7003-T79 the curves from the flat specimens are
somewhat lower than the curves from the small specimens. This is probably
because the flat specimens were taken directly from the longitudinal while
the small specimens for the dynamic tests were taken from the extruded
plate and heat treated. For AA7003-T1 it was found that the stress-strain
curves corresponding to the specimens from the plate were somewhat higher
than for the specimens from the longitudinal.

The true stress was found for different plastic strains (i.e. 2%, 5% and 8%)),
and the true stress corresponding to a plastic strain of 2% and 5% are plotted
vs. the true strain rate in Figure 3-9. The strain-rate effect is quite small until

Table 3-4 Material data for dynamic tensile tests.

diameter Strain rates True stress at given plastic Max stress Corr.strain
strain
Eng. True  §=2% =% &=8%
dy é & o o5 o} Sy ey
Test [mm] [s"] [s'] [MPa] [MPa] [MPa] [MPa]
Bumper beam 76-BA1 3.01 6.30-10* 6.20-10"* 422 444 456 428 0.0669
AA7108-T6 T6-BA2  3.01 8.50-10* 8.40-10* 418 445 462 432 0.0759
T6-BA3  3.01 9.10-10% 8.95-10% 426 453 471 434 0.0944
T6-BA4  3.01 7.70-102  7.60-102 430 459 474 438 0.0795
T6-BA5  3.02 5.80-10° 5.70-10° 431 466 486 448 0.0885
T6-BA6  3.02 4.1510° 4.10-10° 440 474 485 453 0.0758
T6-shl 3.01 3.84-10° 3.46:10° 469 495 515 470 0.1441
T6-sh2  3.01 1.19-10°  1.0710° 471 500 518 474 0.1226
T6-sh3 3.01 1.16:10° 1.02:10° 476 506 - 474 0.1031
T6-sh4 3.01 5.10-10°  4.60-10> 472 502 - 478 0.1025
T6-sh5  3.01 44710 4.02:10° 473 507 527 479 0.1177
T6-sh6  3.01 1.56:10> 1.39-10> 465 496 - 470 0.1086
T6-sh7 3.01 1.72:10>  1.55:10> 467 499 520 472 0.1321
Longitudinal 779-BA3  3.04 6.80-10* 6.70-10* 316 343 349 330 0.0756
AA7003-T79 T79-BA4 3.04 7.10-10*  7.00-10* 301 329 340 329 0.0796
T79-BA5  3.04 6.60-10% 6.50-10% 327 357 366 339 0.0789
T79-BA6  3.04 6.90-10% 6.80-10% 348 374 379 356 0.0603
T79-BA7  3.06 3.15-10° 3.10-10° 340 368 369 350 0.0709
T79-BA8  3.06 43510 4.30-10° 325 360 373 350 0.0591
T79-BA9  3.06 6.50-10* 6.40-10* 339 360 364 348 0.0594
shl 3.05 1.23-10° 1.10-10° 380 411 - 392 0.0935
sh2 3.05 1.82:10> 1.61-10> 333 370 393 363 0.1283
sh4 3.05 1.26:10° 1.12:10° 350 385 409 374 0.1180
shs 3.05 46810 4.12:10° 351 385 409 374 0.1335
sh6 3.05 47110 4.26:10> 371 405 425 389 0.0970
sh7 3.05 1.73-10>  1.52:10> 336 372 399 364 0.1265
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Section 3.2 Dynamic tensile tests

a strain rate of 10 s, and the true stress increases linearly after this with
the logarithmic strain rate. The increase in true stress is around 15% for
AAT108-T6 and 25% for AA7003-T79, Figure 3-9. As one can also see
from the figure, the results from tests on AA7003-T79 are slightly more
scattered than the results from the tests on AA7108-T6. The fracture modes
observed in the dynamic tensile tests are discussed by Reyes et al. (2005).

Eng stress
[MPa]

€~156-172

©~384-510

~ T~ €~1163-1189

0.1 0.2
Eng strain [-]

0.4

Eng stress 5
[MPa]

AAT7003-T79
Flat quasi-static ||

~ e=0.001

— es01

O Tes10
e~173-182

©~468-471

0.2
Eng strain [-]

0.6

Figure 3-7 Engineering stress-strain curves from dynamic tensile tests.
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True plastic strain [-] True plastic strain [-]
Figure 3-8 True stress-strain curves from dynamic tensile tests.
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3.3 Compression tests

The equibiaxial r-value 7, can be found from through-thickness disk
compression tests (Barlat et al., 1997b). In the present work 7, is needed in
order to calibrate the yield criterion Y/d2003 (Aretz, 2004). The through-
thickness compression test is a simple test where a circular disk is
compressed in the thickness direction.

When a circular disk is loaded with a compressive force in one direction,
one can imagine that the disk can be loaded with a tensile hydrostatic load
with the same magnitude as the compressive load, see Figure 3-10. For
metals, the hydrostatic load will not influence the plastic behavior, and

oo sress 600 True sioge 500 -t sl sl ol sl v ol
[MPa] [MPa]
, ]
. u wl i |
E ] h 1 4 A A 4ia
400 —| = 4 N A a
300 —| A L
200 —| —
200 — — i
100 — —
b AA7108-T6
O v e e e e 0 —F AT
0.00010.001 0.01 0.1 1 10 100 1000 10000 0.0001 0.001 0.01 0.1 1 10 100 1000 10000
True plastic strain rate [s'] True plastic strain rate [s7]
Figure 3-9 The effect of strain-rate on the true stress.
oy AGZ
Oz \ o
Z
v /0 \
z _ /O'Z

+ =

S — N

Figure 3-10 Through-thickness disk compression test.
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therefore, the stress state in a through-thickness compression test is
equivalent to the stress-state of an equibiaxial tensile test in terms of
plasticity theory.

3.3.1 Experimental details

Compression tests on circular specimens with a diameter of 14 mm were
carried out on the bumper beam material AA7108 in temper W and T6, and
the longitudinal material AA7003-T79. The specimens were taken from
unformed bumpers in tempers T1 and T6. The specimens in temper T1 were
heat treated to achieve W temper following the same procedure as for the
specimens in the quasi-static tensile tests. After testing, the increase in width
in two perpendicular directions were measured (Ax and Ay), and the true
strains in the same directions were calculated as

£=In(final dimension/initial dimension) (3.2)

From this, the equibiaxial strain ratio was found, as

n=¢,/6, (3.3)

Where x corresponds to the reference direction (in this case the extrusion
direction) and y is the transverse direction.

In this study, it was chosen to only to measure the balanced biaxial strain
ratio and not the corresponding stress, because friction will influence the
load levels. However, it is assumed that the strain-ratio is not affected by the
friction because it is isotropic and relatively low in the present case. Due to
the higher scatter in experimental results it was chosen to perform five
parallel tests for each material so that a reasonable average value could be
obtained.
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3.3.2 Results

The results from the compressions tests are given in Table 3-5. Here the
increase in width in the x- and y-direction are included, together with the
corresponding true strains and strain ratios. The transverse strain &, are
plotted vs. the longitudinal (extrusion direction) strain &, in Figure 3-11, and
there is obviously some scatter in these results. The average true strain ratios
were found and are also given in Table 3-5. As one can see, there is a
relatively large difference between the equibiaxial r-value for W and T6
temper.

3.4 Parameter identification

The motivation for the material tests was to determine parameters in the
material model. In this section it is explained in detail how these parameters
were found from the results of the material tests.

3.4.1 Strain and strain-rate hardening

Voce parameters, gy, Qr; and Cg; (i = 1, 2) in Equation (2.22) were found by
curve fitting to all the true stress-strain curves. For use in the numerical
models only the curve parameters in the 0°-direction are necessary. There
was not much scatter between the test repetitions (Reyes et al., 2005), and
therefore, representative values from the 0°-direction are given in Table 3-6.
True stress-strain curves from tests and the corresponding fitted curves are
shown in Figure 3-12 and Figure 3-13.
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In order to include strain-rate dependency, Equation (2.27) was used, where
the parameters to be determined are &, and C. The parameters were found
by minimizing the sum of squares between the model and the experimental

data, i.e.:
. 2
(5 ; .
— — —+ =min
=\ (0, +Y(&)) &
0.16 ‘ ‘
8)’
i O AA7108-W r
|| AAT108-T6
A AA7003-T79 [
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Figure 3-11 Transverse strain & vs. longitudinal strain & in the disk

compression test.

Table 3-6 Chosen Voce parameters for numerical analyses.

Curve parameters

0o Ori Cri Or: Crz

Alloy Temper  Angle [MPa] [MPa] [-] [MPa] -]

Bumper beam AA7108 W 0° 419 37.7 2828 204 8.51
T6 0° 347  37.0 1017 113 9.99

Longitudinal AA7003 T1 0° 210 357 457 279 7.86
T1 (plate) 0° 202 477 1432 237 11.4

T79 0° 239 204 4822 83.7 18.4

AA6060 T1 0° 722 746 1405 91.6 17.8
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Figure 3-12 True stress-strain curves, and fitted hardening curves for

bumper beam materials.
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Figure 3-13 True stress-strain curves, and fitted hardening curves for the
longitudinal materials and interface plate.
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Here o, is the true stress at 2% plastic strain for each test while Z, is the
corresponding strain rate. (o, +Y(€)) is taken as the true flow stress at 2%
plastic strain for the quasi-static case. The parameters are listed in Table 3-
7, and in Figure 3-14 one can see that the model corresponds well with the
experimental data.

3.4.2 Y1d2003 parameters

The calibration of the anisotropic yield criterion is presented in the
following. There are eight parameters (a;, az,- as) to be determined in
Yld2003 (Equations (2.30) and (2.31) ). Additionally, the exponent m can be
taken as 6 or 8 for bee or fce sheet materials, respectively (Aretz, 2004). As
the materials in this study are fcc sheet materials m is taken as 8 here.

Table 3-7 Strain-rate parameters.

(0, +Y(&)) & C
Alloy  Temper [MPa] [s] [-]
Bumper beam AA7108 T6 420 0.26641 0.01518
Longitudinal AA7003  T79 319 0.00126 0.00813
True stregs 600~ vl vl il vwud ol True stregs 500 el vkl il ol sl o)
[MPa] [MPa] L
i | 400 -
@___@/%/u@’é a
400 - 1oa 4 - a i
300 —| A -
200 — —
200 —| . | L
AAT7108-T6 AA7003-T79
4 2% true strain L 100 4 2% true strain
O  Tests i /A Tests
Model Model
L) AL L L AL B L L BRI O e
0.0001 0.001 0.01 0.1 1 10 100 1000 10000 0.00010.001 0.01 0.1 1 10 100 1000 10000
True plastic strain rate [s'] True plastic strain rate [s"]

Figure 3-14 True stress at 2% plastic strain vs. true plastic strain rate, from
tests and material model.
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Section 3.4 Parameter identification

The r-values and flow-stress ratios in Table 3-3 give six experimental
measurements, and additionally the equibiaxial r-ratio r, found from the
through-thickness compression tests (see Section 3.3) gives a seventh
measurement. As there are eight parameters to be determined the equibiaxial
stress could have been used as the eighth measurement. However, this
property was not measured in the current study. According to Aretz (2004),
ag could be taken as 1.0. This however may result in atypical yield surfaces.
It was here chosen to fix the point ¢, /0, =0,/0,=1.0 and o, /0, =0.0 in

the calibration.

The yield criterion can be written as

1
1

) -Relel-n-o 69

"

g= |:%(|O';|m + |0§|m + |0'1"— o)

where o/, o,, o/, and o, are defined in Equations (2.30) and (2.31), and

f, represents the flow stress in the reference direction.

The r-value for a general direction & can be found as

a—gsinz a Jra—gcos2 a —a—gcosasina
_ Jo, oo, do,, 316
" 2 o8 -0
do, 0o,

Furthermore, the stress components ¢ , c, and o can be expressed by the

uniaxial stress o in a general direction o

_ 2
o,=0,c08 a

— o qin?
o,=0,sin"a (3.7)
o, =0,sinacosa

These relationships can be used in the yield criterion in Equations (2.29),
and (2.30) the stress ratio for each direction can then be found as:
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G =2« = 1 (3.8)

a f 1
0 Imodel 1 m m
Sl #ler
r* r* "”*

n*
here, 01, 92, Or , and 92 are defined as ¢"=¢'/0,, o) =0)/0,>

n* "n*

"ot o

:
o =o'lo,,and o' =¢" /o,

The equibiaxial r-ratio can be found as

2
oo,
= 87g (3.9)
oo,
% , 2 and % are found from the yield criterion as:
0o, Oo oo

X y Xy

a_gzl[ ](i—lj og, 00| , 2, 0o,  0g, 0] g, do}
! 0o, 0o, 0o, 0o, 0ol do, do) do,

a_g:l[ n][;1j|:agn 9o, 4 g, 9o, +8gn 60'1"+ g, 50‘;:| (3.10)

oo, do| 0o, 0o} 0o, 0o)do, Oo) 00,

% _1| n](lj{ag ooy , 28, 0% dg, ol 2, 605’}
8@0, m

! n "
do, 0o, 0o, do,, Oodo, Jo,do,,

where
ag m m-1
= _| | nﬂ = _|01"_ CT§|

Zo-l oo 2 G3.11)

ﬁ—ﬁ 1|l agn __ﬂ n__n m—1

oo’ - |GZ| P o, —0,

o, 2 folel 2

and
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do/

oo, =&iaz a, 0,—a,-0,

0o, 2 4 a,-0,—a,-0, 2 7

0, LEB @) oy,

do|

80‘}’, oG “2'“x“2’3"’y (3.12)
oo, 2 4 a4,-0,—a,-0, 2

80}, 2 + (614) : O-xyo-yx

do/

GO'W (a4)2 .ny

and

aalﬂ

oo, :l+& as;-0,—a,-0,

ooy | 2 4 a,-0,~a;0, 2 2

GO'X 2 +(a7) 'O-xygyx
oo/

Jo, 211& as;-0,—a,- 0, (3.13)
doy| 2 4 a,-0, a0, : 2

60-‘ 2 +(a7) 'o-xyo-yx
aalﬂ

ao_xy =+ (a7)2 Oy

oo, a,-0,~a,-0, : 7

60')@, 2 +(a7). 'o-xyo-yx

The flow-stress ratios and r-values from the model for the 0°-, 45°- and 90°-
direction were found from Equations (3.6), (3.9) and (3.8). The eight
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parameters were found by fixing the point o /o,=0,/c,=1.0 and
o, /0,=0.0 (as mentioned earlier), and minimizing the sum of squares

between the model and the experimental data. However, since a small
difference in the flow-stress ratio is more significant than in the r-values
(which are additionally less accurately measurable than the flow stresses)
(Aretz, 2004), it was desirable to let the flow-stress ratios have more weight
than the r-values when minimizing the sum of squares between the model
and the experimental data. But a systematic method of weighting was
preferred, and therefore the r-values was raised to the power of 1/(m-1).
This fraction was chosen based on a very simple reflection: The yield
function is a function of the m"™ root of stresses raised to the power of m (see
Equation (3.5)). The r-value is expressed as a function of derivatives of
different stress components (see Equation (3.6)). Very simplified, one could
say that the r-value is a function of stresses raised to the power of (m-1), or
that the r-value could systematically be weighted by raising the r-value to
the power of 1/(m-1). The weighting and minimizing of the sum of squares
between the model and the experimental data can be summarized in the
following equation. Thus, the r-values was raised to the power of 1/(m-1) to
let the flow-stress ratios have more weight than the r-values

| : 2 . 2 2
0°,45°,90° fal 0°,45°,90° 1 1 1 1
3 [G;xp_% ] . ((r;xp)ml_(r;odel)mlj +[(,bexp)m1_(,bmode1)mlj —min 3.14)
model

a 0 a

The measured flow-stress ratios and r-values together with the results from
the calibration are given in Table 3-8. The compression tests in this study
were carried out for only three materials i.e. AA7108-W, AA7108-T6 and
AA7003-T79, the equibiaxial parameters, however, for the longitudinals of
AA7003-T1 and AA6060-T1 were taken from the study of Achani et al.
(2005) for temper T6 for both materials. Thus, it was possible to determine
the model parameters for all the materials. The identified yield surfaces for
the different materials and tempers are given by Reyes et al. (2005).
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3.4.3 Fracture parameters
3.4.3.1 Critical thickness strain (CFS)

Yeh etal. (1999) suggested that a critical fracture strain CFS can be used as
the critical thickness strain (i.e. &.,= CFS'). CFS is defined as

CFS=—1n(l—et):—ln{[l—%ji} (3.15)

N

u

where

et:%”+[1—%“j[ —Z—fj (3.16)

Table 3-8 Measured values used to calibrate Y/d2003, and corresponding
material parameters.

Bumper beam Longitudinal
Alloy AA7108 AA7003 AA6060

Temper w T6 T79 T1 Tl
Gy 1.00 1.00 1.00  1.00 1.00
Flow-stress ratio Gys 0.92 0.93 0.91 0.89 1.02
Gop 1.06 106 096  0.99 0.99
ro 0.21 027 038  0.30 0.48
r-value Fs 1.94 1.67 151 138 0.29
Foo 1.19 1.16 1.05  1.17 1.76
Equibiaxial r-value 1/rs 2.38 1.49 155  1.79" 223"
a; 0.842 0.839 0980 0.924 0.923
a 0.998 0979 1.103 1.061 1.029
as 0.920 0969 1.050 1.002 0.936
ay 1.081 1.087 1.154 1229 1.086
Yid2003 as 0.839 0.055 0.897 0.874 0.932
parameters as 0952 0979 1.059 1.035  1.047
a; 1.120 1.103  1.116 1.131 0.868
as 1.147 1.161  1.015 1.069 1.062

m 8 8 8 8 8

*Values taken from Achani (2005) for T6 temper condition.
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where, s, is the ultimate engineering stress, e, the corresponding
engineering strain and syis the engineering stress at fracture, see Figure 2-1.
As the parameters are given from a standard tensile test, the CFS parameter
is very easy to use and calibrate.

The following three assumptions were basis for the development of CFS
(Yeh et al., 1999):

) &=c¢ for e<e,
i1) &, =constant for e>e, (3.17)
ii)o, =0, for e>e,

In order to include anisotropy, the first assumption can be modified to

& =rg, for e<e, (3.18)

where 7 is the r-value for the actual test specimen. By using these three
assumptions it can be shown that

1
CFS*=—ln{(1+eu)_l+r -S—f} (3.19

N

u

For an isotropic material (»=1) the exponent —1/(1+r) equals -'. By
)/ <1, and

retaining only the first two terms in the series, CFS* for an isotropic

expanding the term (1+e, as a binomial series, assuming

eu
material can be approximated to CFS in Equation (3.15). CFS* is easily
calculated from the engineering stress-strain data and the r-values (from
Table 3-3). CF'S* was calculated for all repetitions, and the selected values
for bumper beam and longitudinals in 0°-direction are given in Table 3-9.
The variation in CFS* is discussed by Reyes et al. (2005).
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3.4.3.2 Cockcroft Latham (CL)

The critical “plastic work” W,, as defined by Cockcroft and Latham (1968)
reads

w, =J‘:f max (o0,,0)de (3.20)

and can e.g. be estimated from a uniaxial tension test by using the three
assumptions in Equation (3.17) (Reyes et al., 2004). The integral can be
divided in two parts; for e<e, and e>e,:

W, =" ode+[ ode=["odE+s,(1+e,)[5 -7, ] (3.21)

Here, the effective strain at maximum stress equals the true strain in the
tensile direction:

g, =In(l+e,) (3.22)

u

and the effective strain at fracture follows from Equation (3.17) g

2 K
z, =1n(l+eu)+—ln[i} (3.23)
! V3 Sy

It is consequently possible to calculate the critical “plastic work™ from the
stress-strain data from a uniaxial tensile test. If the true stress-strain curve is
fitted to the extended Voce rule in Equation (2.22), one can also use this
equation for o in the first integral in Equation (3.21). The following
estimate for I, is then found (Reyes et al., 2004):

VVcrZ(O-O+QR1+QR2)IH(1+81¢)_&_%+
Cr Cro
) 0 0 (3.24)
N -C -C,
l+e,)s,—=In| = [+ =L(1+e,) " +=L2(1+e,) ©
(e o Qe o B 1ve)
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Here, it is assumed that Cg; > 0, but Q, >0, and that the material is

isotropic. The selected values for Cockcroft-Latham parameter (W) are
also given in Table 3-9 (Reyes et al., 2005).

3.5 Process effects

When a component is formed, the material is usually in the soft W-temper
state, which means lower force requirement, increased ductility, less
springback and a more controlled forming operation. After forming the part,
it is heat treated to achieve the desired strength/ductility properties (i.e. the
desired temper for the finished product). Traditionally, in numerical
simulations of such components, the homogenous material properties of the
final temper in its virgin/undeformed state would be used. However, it is
possible to include the process effects in numerical analyses to perform
“process-based” crash simulations. This can be very important in regard to
accuracy of analyses in general. Additionally, it can be especially important
in connection with fracture modelling, as forming operations lead to a
significant variation in thickness and in material properties, i.e.
inhomogeneity that can promote strain localisation.

One aspect regarding the process-based crash simulation is to represent the
reduced strength and ductility in itself. However, it might be equally or even
more important to include the resulting inhomogeneity in the structure. This
inhomogeneity in geometry (thickness), yield stress and hardening (thus
ductility) might cause totally different deformation patterns than if

Table 3-9 Critical fracture values for bumper beam and longitudinal

materials.
Bumper beam Longitudinal
Alloy AAT108 AA7003 AA6060
Temper N T6 T79 Tl Tl
CFS parameter 024 0.19 036 0.12 0.63
W., 66 108 159 71 113
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homogenous properties were present/assumed. From a perspective of robust
performance it is also of interest to understand and control the resulting
inhomogeneity and possibly design alternative forming or heating
sequences.

An experimental program was carried out: (1) to investigate the effect of
forming in W-temper on the stress-strain behaviour of a tensile test in
temper T6 and (2) use the results to model this effect in LS-DYNA, similar
to the previous work of Lademo et al. (2004c). The test programme and
experimental details are given by Reyes et al. (2005). The results from the
tests are presented in the following.

3.5.1 Results

Engineering stress-strain curves from the uniaxial tensile tests of the pre-
stretched specimens are given in Figure 3-15, while true stress-strain curves
are shown in Figure 3-16. There is a well-defined effect of the amount of
pre-stretching, especially for the batch that only had one hour in room

reference test 500
| (no pre-stretching)

500 Eng stress
Eng stress increasing [MPa] B L
[MPa] -

400 —|

300

200 —

100 —

4 12 hrs between pre-stretching =

1 hr between pre-stretching = and heat treatment
nd heat treatmen

and heat treatment
0 T T T T T T T T T 0 T T T T

0 0.04 0.08 0.12 0.16 0.2 0 0.04 0.08 0.12 0.16 0.2
Eng strain Eng strain

Figure 3-15 Engineering stress-strain curves for specimens in T6 temper
after stretching until fracture; specimens with 1 (left) and 12
(right) hours in room temperature between pre-stretching and
heat treatment.
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temperature before heat treatment; the stress levels and ductility decrease
for increasing pre-strain. The trend is the same for the 12-hour-batch;
however, the ductility does not necessarily decrease for increasing pre-strain
for all the tests. Furthermore, the onset of diffuse necking in the specimen
deformed to 10% plastic strain occurs as early as 6% opposed to 12% in the
reference test.

In Figure 3-17 the engineering stress-strain curves from the quasi-static
uniaxial tensile tests presented in Section 3.1 are shown together with some
of the curves from the pre-stretched specimens. As one can see, the curve
for the reference test that was not pre-stretched, but given the same heat
treatment as the pre-stretched specimens, is very close to the curves from
the uniaxial tests on specimens taken directly from an unformed bumper
beam. This confirms that the heat treatment given to the pre-stretched
specimens is comparable to the heat treatment of the extrusions.

The true flow stresses at 2% strain of the pre-stretched specimens were
observed from the curves and are given in Table 3-10 and Table 3-11 as op.
The normalized stresses, i.e. the ratio between the considered flow stress

reference test

(no pre-stretching)
500 | 1 I
increasing
pre-strain

True stress
[MPa]

True stress
[MPa]

300 — [

200 — —
200 — —

100 — -

100 r 12 hrs between pre-stretching

and heat treatment

1 hr between pre-stretching = 0 , ; .
and heat treatment T T
0 T T T T T 0 0.04 0.08 0.12

0 0.04 0.08 0.12 Plastic strain
Plastic strain

Figure 3-16 True stress-strain curves for specimens in T6 temper after
stretching until fracture; specimens with 1 (left) and 12 (right)
hours in room temperature between pre-stretching and heat
treatment.
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and the flow stress for 0% pre-strain vs. the plastic pre-strain are shown in
Figure 3-18. Here it is obvious how the flow stress decreases with
increasing amount of pre-strain. For the batch that was in room temperature
only one hour, the flow stress flattens off already after approximately 2% of
pre-strain. The flow stresses of the specimens in the second batch that lay in
room temperature for 12 hours, continues to drop until approximately 4%
before the curve flattens.

500
Eng stress
[MPa] 7 r

reference test
100 — (not pre-stretched)
pre-stretched
|4 o |_____ standard uniaxial tests | -
of T6 material
0 \ \ [
0 0.04 0.08 0.12 0.16 0.2
Eng strain

Figure 3-17 Comparison with the standard uniaxial test from the same
material.
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Figure 3-18 Normalized true flow stress vs. plastic pre-strain (left) and
normalized true strain at diffuse necking vs. plastic pre-strain

(right).
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3.5.2 Parameters to be used in process-based crash analyses

The simplest method assumes that only the yield stress is influenced by the
pre-strain and the strain-hardening is unaffected, Lademo et al. (2004c;
2005). If this option is chosen, the input data in the model should be a curve
of the pre-strain versus the yield stress, which for instance could be o in
Table 3-10 and Table 3-11.

A more refined method assumes that also the strain-hardening is influenced
by the pre-strain. The input is in that case fitted Voce parameters for
different pre-strains. The program generates stress-strain curves
corresponding to these Voce parameters for the given pre-strains, and
linearly interpolates between the prescribed curves to find the correct curve
for an intermediate value of pre-strain. Therefore, the true stress-strain
curves were fitted to the Voce hardening rule (Equation (2.22)), and the
different curve parameters are listed in Table 3-10 and Table 3-11.

Table 3-10 Yield stress and Voce-parameters for tests that lay one hour in
room temperature between pre-stretching and heat treatment.

Stress
plastic at2%
pre-strain strain Curve parameters

G2 O Ori Crs Or> Crz  opt2Q

[%] [MPa] [MPa] [MPa] [-] [MPa] [[1 [MPa]
0 411 355 34.5 714 136 8.41 525
0.572 408 356 30.8 1478 126 939 513
0.889 408 354 303 1563 116 10.9 500
1.828 396 328 452 3576 105 12.8 478
4.228 395 326 444 4501 97.1 153 467
5.163 393 309 60.2 4501 100 14.8 470
10.64 394 307 59.2 4501 89.2 17.5 456
1.123 404 333 48.2 4200 111 11.8 492
5.011 394 315 51.6 4199 98.5 154 465
10.17 392 312 526 4728 874 19.4 452
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3.6 Verification of user-defined material model (MAT-41)

To verify the user-defined material model in LS-DYNA, simulations were
performed on a four node element as shown in Figure 3-19(a), at different
strain-rates. As the experimental data at different strain-rates was available,
see Section 3.2, at 2% and 5% of deformation, the considered element is
thus only subjected to uniaxial tension with 2% deformation. Numerical
simulations were performed at strain-rates of 107 , 10'2, 10'1, 10, 10 and 10°
s'. To have closely constant strain-rate within each simulation a time
dependent deformation was applied on the 3-4 edge of the element. The
displacement-time curve is shown in Figure 3-19(b). Constraints applied at
the four nodes of the element are given in Table 3-12.

The termination time for the simulations is obtained in the following
manner:

Table 3-11 Yield stress and Voce-parameters for tests that lay twelve hours
in room temperature between pre-stretching and heat treatment.

Stress
plastic pre- at 2%
strain strain Curve parameters
02 Oo Ori Cr; Or> Cr, 0p+ZQ

[%] [MPa] [MPa] [MPa] [-] [MPa] [-] [MPa]
0.607 420 340 57.8 3552 128 9.50 526
1.964 406 313 69.5 5719 112 11.7 494
3.115 401 314 63.4 5115 101 14.1 478
3.881 397 316 54.4 5115 97.9 15.6 468
5.213 394 318 49.1 3782 95.1 16.5 462
5.163 394 318 49.8 4764 85.6 18.8 454
9.845 415 332 62.4 4594 120 10.4 514
0.929 394 306 61.9 4583 92.8 16.9 461
6.208 394 323 46.5 4708 88.4 18.6 455
10.23 420 340 57.8 3552 128 9.50 526
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b=—— = T=—n 3.25
I,-T Yole (3.25)

where é is the required strain-rate, /y is the original length (2 mm), A/ is the

change in length (0.04 mm) and 7, termination time. Thus calculated

simulation termination times at different strain-rates are given in Table 3-13.

From Table 3-13, at 107 s7! strain-rate the calculated termination time is 20
seconds which is a very long time in running the simulation. Hence mass-
scaling was employed for this simulation only. After mass-scaling the new

z A Displacement 0.04
[mm]
0.03 —
2 mm | — 0.02
0.01 4
. i L
Ex v 3
2 mm 0 \ \ \ \
< > 0 0.4 0.8 1.2 1.6 2
Time [s]
(@) (b)

Figure 3-19 (a) Four node element used in verifying the user-defined
material model and (b) Displacement time plot for deforming
the four node element at ~107 s™ strain rate.

Table 3-12 Constraints applied at the nodes of four node element.

Node number Translational Rotational

constraints constraints
1 X,y and z x and y
2 X, and z x and y
3 yand z xandy
4 z x and y
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termination time was 7, =2 seconds. In simulations care has been taken

such that there is no addition of kinetic energy because of mass-scaling.

For the uniaxial loading condition the effective stress and the stress in the
loading direction i.e. in x-direction, should be equal. The simulation results
! with mass-
scaling are presented in Figure 3-20(a), while Figure 3-20(b) shows the

simulation results at ~10° s strain-rate. In these figures the effective stress

for the four node element analysis at a strain-rate of ~10~ s

Table 3-13 Four node element simulation termination time at different
strain-rates.

Strain-rate Deformation Termination time

é Al T
(s (mm) (s)
107 0.04 20
107 0.04 2
10" 0.04 2x10"

10 0.04 2x107
10? 0.04 2x10™
10° 0.04 2x107

500 500 ! | |

Stress
[MPa]

Stress
[MPa]

—O— Effective stress
—fFF— x-stress

T T T T T
0.004 0.008 0.012
Eff. plastic strain

(a)

0.016

o
Fas)
0

—O— Effextive stress
—E— X-stress

T T T T T
0.004 0.008 0.012
Eff. plastic strain

(b)

0.016

Figure 3-20 Comparison of stresses in the four node element analyses at (a)
~107 s and (b) ~10° s strain-rates.
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and stress in x-direction are compared with respect to effective plastic
strain.

Stress levels predicted, at 2% plastic deformation, at different strain-rates in
the analyses of the four node element are compared with the experimentally
obtained values in Figure 3-21. The stress level predicted in the four node
element analyses at different strain-rates is close to the experimental results.
This shows that the user-defined material model is capable of representing
the strain-rate sensitivity of the material accurately.

3.7 Simulation of quasi-static tensile test with shell elements

An FE-model was made to simulate the tensile tests of only bumper beam
material in T6 temper condition i.e. AA7108-T6. For the geometry
modelling of tensile test specimen in simulations, specimen type B as shown
in Figure 3-1 was utilised, which is the same as that used in quasi-static
tests. The specimen was modelled with shell elements having an initial
random Gauss-distributed thickness (Berstad et al., 2004) with a coefficient
of variation of the thickness CoV(t) = 0.0315, see Figure 3-22. For the

True stress 600 1 T T S T A W1 WA
[MPa]
F]U
e
400 — L} [ ]
200 —
[0 Experiments
@  Fournode element analyses
0 AL L L AL e AL UL R L
0.00010.001 0.01 0.1 1 10 100 1000 10000

Logrithmic true plastic strain-rate [sec-1]

Figure 3-21 Comparison of four node element analyses results with
experiments at 2% true strain.
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simulation of a uniaxial tensile test the inhomogeneity in thickness is not
strictly required. However, modelling of thickness variations might improve
the prediction of strain localisation and thus fracture in the specimen. The
tensile test specimens in the experiments were taken from the back face of
the bumper beam, see Figure 4-2(a), whose nominal thickness was 4 mm.
The properties used in running the tensile test simulations are given in Table
3-14.

3.7.1 Explicit simulations

The specimens were simulated with the CFS’ fracture criterion. Two mesh
sizes and two types of element formulations were applied, as given in Table
3-15, with five through-thickness integration points. Two cylindrical contact
entities (option available in LS-DYNA) as shown in Figure 3-22(b) were
employed in deforming the tensile test specimen (Hallquist, 2003). For the
left contact entity all degrees of freedom were fixed, while the right contact

Contours of shell thickness Fringe Levels

min=3.8197, at elemit 144

max=3.99841, at elemi#f 339 3.998e+00 _
3.981e+00 _
3.963e+00 _|
3.945e+00 _

3.927e+00 _

® R ———— Q 3.909+00 _
. 3.891e+00 _

3.873e+00 _

3.855e+00 _
3.838e+00 _I
3.820e+00 _

(a) Top view

(b) Front view

Figure 3-22 FE-model with initial thickness inhomogeneity for tensile test
analysis.
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entity was loaded with a ramping velocity to avoid spurious noise, see

Figure 3-23.

Table 3-14 Material parameters used in running tensile test simulations.

Parameter  Value
0o 347 [MPa]
Ori 37 [MPa]
Cr; 1017 [-]
Or: 113 [MPa]
Cr> 9.99 [-]
a; 0.839
a, 0.979
as 0.969
ay 1.087
as 0.055
as 0.979
a; 1.103
ag 1.161

Table 3-15 Mesh sizes and element type applied in tensile test simulation.

Element type
Belytschko-Tsay Fully-integrated
Fine (mm) Coarse (mm)  Coarse (mm)
0.25 0.5 0.5

Mesh
Mesh size in the gage section

Velocity
[mm/s]

0.25

0.2 —

0.15 —

0.1

0.05 —

T
40
Time [s]

80 120

Figure 3-23 Ramping velocity signal used in loading the tensile test
specimen in explicit analysis.
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Section 3.7 Simulation of quasi-static tensile test with shell elements

As can be seen from Figure 3-24, in all the simulations the localisation
occurred much too early compared to the tests and thus under-prediction of
the specimen’s ductility. Further, one can also observe that neither the
element size nor the element formulation type has any effect on the
predicted curves. The reason for the early localisation is probably due to the
presence of dynamic effects in the explicit simulation, although the total
change in kinetic energy was small. Due to the presence of dynamic effects
in the system, whenever the localisation occurs the deformation cannot be
spread over and thus an entire row of elements get localised. Thus the force-
displacement curve drops soon after the localisation. Furthermore, the
thickness of the material probably influences the localisation in simulations.
Similar behaviour was observed when the specimen was modelled without a
coefficient of variation in thickness CoV(t).

3.7.2 Implicit simulations

As seen in the above section explicit simulations failed to predict the
specimen’s ductility due to the dynamic effects. With an intention to predict

16

Force
[kN]

AAT108-T6

Eexperiments (0°-direction
Belytschko-Tsay (0.5 mm)
— - — Belytschko-Tsay (0.25 mm)
— — - - Fully-integrated (0.5 mm)
0 T T T ]

0 2 4 6 8 10
Displacement [mm]

Figure 3-24 Comparison of the force-deflection curves from the tests and
explicit simulation of tensile test specimen.
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the exact material behaviour as in the tests, implicit simulations were
performed with the same input. To avoid the contact problems during the
implicit simulations (Kokkula et al., 2003) the contact entities were
switched off. The deformation is induced by applying the time dependent
displacement to the nodes at the location of contact entity on the right side
of the specimen, while at the left-hand side of the specimen nodes at the
location of contact entity were fixed. The implicit simulations were
performed only with the fully-integrated element formulation see Table 3-
15.

Figure 3-25 compares the force-displacement curves from the implicit
simulation with the experiments. If we consider the flexibility of the testing
machine both the experimental and simulated curves are on top of each
other. The reason for accurate prediction of material ductility in the implicit
simulation compared to the explicit simulations is due to the spreading of
deformation over a large area even after the onset of diffuse necking.

AAT7108-T6
Experiments (0°-direction)
Implicit simulation
! I ! I ! I 1
0 2 4 6 8 10
Displacement [mm]

Figure 3-25 Comparison of the force-deflection curves from tests and
implicit simulation.
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Chapter 4 Experimental Programme

In this chapter the test programme and test set-up of bumper beam-
longitudinal system are presented. The overall test programme is discussed
in Section 4.1. The penultimate Section 4.2 describes the test set-up. The
loadcells used for measuring the force signals as a function of time in the
experiments were calibrated prior to the tests; the calibration procedure of
the loadcells is presented in Section 4.3. In Section 4.4 the instrumentation
and data acquisition systems are discussed.

4.1 Test programme

The bumper beam is a box-like structure produced from an aluminium
extrusion that was plastically formed to the required curvature by stretch-
bending in a soft condition (W-temper), obtained by solid-solution heat
treatment and quenching. After forming, the bumper beams are artificially
age-hardened to T6 peak hardness condition. The configuration of the
bumper beam-longitudinal system at 40% offset that was tested in this work
is shown in Figure 4-1. The cross-section details of the bumper beam at
section A-A in Figure 4-1 are shown in Figure 4-2(a). The longitudinal
cross-section details at section B-B (in Figure 4-1) are shown in Figure 4-
2(b), while Figure 4-2(c) provides the interface plate details. It is interesting
to note that the vertical face of the bumper beam, see Figure 4-2(a), is
concave in the vertical plane - a feature which Tang (1979) found to be
associated with the highest resistance to denting.

During testing the free length of the longitudinals was kept constant at 650
mm, and the longitudinal was cut to 8° inclination at one end, Figure 4-2(d).
This cut ensured that the longitudinal after welding to the interface plate

-An experimental and numerical study- 69



Chapter 4 Experimental Programme

0.4L 0.6L

5 ///////

Trolley

/ /Bumper

A

T A

Interface plate” |

Longitudinal -]

650

z
I B | B
y

81_].80 L = 1066 80_| 81

L = 1388

Figure 4-1 Configuration of the bumper beam-longitudinal system at 40%
offset impact.
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Figure 4-2 Cross-section and detailed dimensions of (a) bumper beam at
section A-A (Figure 4-1) rotated by 90°, (b) longitudinal at
section B-B, (¢) interface plate details and (d) longitudinal.

Table 4-1 Test programme for testing bumper beam-longitudinal system.

Impact velocity v,

Test Longitudinals SIMLab Reference
(m/s)
Series A
Al TEST-1-T79
A2 TEST-2-T79
3 AA7003-T79 10 TEST-3-T79
Ad TEST-4-T79
AS TEST-5-T79
Series B
B1 TEST-1-ATl1
o AA7003-T1 10 TEST-2-ATI
B3 TEST-3-ATl1
Series C
c1 TEST-1-BT1
o AA6060-T1 10 TEST-2-BT1
C3 TEST-3-BT1
Series D
D1 HS-1
D2 AA7003-T79 15 HS-2
D3 HS-3

Bumper beam in alloy AA7108-T6
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was positioned properly on the back face of the bumper beam. The bumper
beam was fixed to the longitudinals by using M12 bolts via the interface
plate. The lower 100 mm of the longitudinal was used for clamping in the
test rig.

A summary of the test programme is presented in Table 4-1. As mentioned,
longitudinals of two different alloys (AA7003 and AA6060) and two temper
conditions (T79 and T1) were tested, while using a single alloy (AA7108-
T6) for the bumper beam. None of the longitudinals were triggered to
initiate a particular deformation mode. Prior to testing, the width, height,
length and wall thickness of the extruded longitudinals were measured. The
impact velocity (v,) was chosen as 10 m/s (~ 36 km/h) and 15 m/s (~ 54

km/h). The impactor (trolley) mass was kept constant at 794 kg, thus the
kinetic energy (hereafter called impact energy) was also kept constant at
39.7 kJ and 89.3 kJ, respectively.

4.2 Test set-up
4.2.1 The kicking machine

The kicking machine, Figure 4-3, is the name of the device used for testing
the bumper beam-longitudinal systems. Hanssen et al. (2003a) have
discussed thoroughly the working procedure of the kicking machine for
high-speed offset (50%) testing of automotive bumper beam systems.
Jensen (2005) used the kicking machine to study the axial loading of hollow
extrusions (interaction between local and global buckling). Axial crushing
of self-pierce riveted double hat sections is analysed by Hanssen et al.
(2003b) utilising the test data from kicking machine. This section provides a
brief overview of the kicking machine and is mostly based upon Hanssen et
al. (2003a).
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Chapter 4 Experimental Programme

The bumper beam-longitudinal system was fixed to the reaction wall of the
kicking machine using a fixture and loadcell at the bottom end of the
longitudinal on both sides. Two loadcells were fixed to the reaction wall
with six M16 bolts for each loadcell. The loadcell details are shown in
Figure 4-9 and will be discussed thoroughly in Section 4.3. The frontal
flange of the loadcell has a square cross section and was fitted with four 11
mm holes, one in each corner, to accommodate the fixture.

Details of the fixture are shown in Figure 4-4(a). The longitudinal along
with the interface plate was inserted into the fixture through the rectangular
slot at its centre. This slot (80x95 mm?) in the fixture was machined such
that the longitudinal easily fits inside. Three tapered sliding blocks, see
Figure 4-4(b), were placed inside the longitudinal and hammered from the
other end of the longitudinal. As the tapered blocks slide one over the other
a rigid clamping of the longitudinal inside the fixture was ensured (over a
length of 100 mm). A circular hole was made in the interface plate for the
purpose of hammering the tapered blocks. However, this hole was not

Top view 4 1¢q

I
L
|
|1 0] s
| |
| | | |
RARANE |
T T R
80
6x 211 | //’AT\\\\\
2 | K —> 2
/
! \ ! o
O g
\\ // oyl
\ /) Ns]
\ /,
“ . 3 —
57 57 ‘ 10x45°
62 62
160
Front view
(@) (b)

Figure 4-4 (a) Fixture details, (b) Sliding blocks used for fixing the
longitudinal inside the fixture
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Section 4.2 Test set-up

shown in Figure 4-2(c).

The accelerating system consists of an arm that rotates around a set of
bearings, i.e. the arm is free to rotate in the plane of Figure 4-3. Note that
the arm is open like a crankshaft at the bearing end. The arm itself is
connected to a hydraulic/pneumatic actuator system, which provides the
moving force. This system accelerates the trolley up to the desired impact
velocity.

The trolley traverses the length of the rails and hits the test specimen located
at far end. The impact velocity of the trolley is measured by means of a
photocell system located directly in front of the test specimen. In general,
the test specimen will not have enough capacity to absorb all the impact
energy of the trolley by itself, a secondary energy absorbing system was
required to prevent the damage to the loacell. For this reason the trolley has
rigid buffer plates on both sides of the loadcell. These buffer plates hit the
crashboxes fixed to the reaction wall, which ensure the integrity of the
loadcells, see Figure 4-5.

Four loadcells were employed, two on the trolley and one at each end of the
longitudinal. The front end details of the trolley are shown in Figure 4-6.
The loadcells fixed to the reaction wall measure the axial force as well as
two orthogonal bending moments see Figure 4-7. As the loadcell is made of
high strength steel, it is assumed to behave elastically during impact. The
force-voltage characteristics are obtained statically using a hydraulic
actuator and are calibrated as described in Section 4.3.

4.2.2 Equations of motion

The acceleration, velocity and displacement history of the trolley was
obtained from the total force signal of the loadcells on the trolley. Let

-An experimental and numerical study- 75



Chapter 4 Experimental Programme

Loadcell

Buffer plates | Crashboxes on
on trolley reaction wall

Figure 4-5 Pre-crash photo of bumper beam-longitudinal system showing
the buffer plates on trolley, crashboxes on reaction wall, fixture,
loadcell and the measurement of distance between the buffer
plates and crashboxes on the reaction wall.
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Figure 4-6 Details of trolley front end.
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Section 4.2 Test set-up

M (742 kg) and M, (52 kg) denote the mass of the trolley located at the

rear and in front of the strain gauges of the loadcells respectively, see Figure
4-8. The total force-time history recorded by the loadcells on the trolley is

P(t), whereas the impact force acting on the test specimen is F (7).
Equations of motion for the backing mass M, and front mass M, are

obtained by assuming unidirectional rigid-body motion of the system shown

in Figure 4-8.

Non-impacted
end loadcell

"
—>> MXx

Impacted end
loadcell

Figure 4-7 Post-crash photo of bumper beam-longitudinal system.

Backing mass Reaction wall
My Test specimen
My — 1 <p@p—~> < F(H)> <R(H™>
M
Nose o —> T

Figure 4-8 Rigid-body diagram of generalised test set-up.
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The equations are:

. P(1)
w= M, (4.1)
and
F(t)=P(t)-M W (4.2)

where w is the displacement of the trolley measured from the moment of
impact.

When the above equations are combined, the relation between F(¢) and

P(1) is obtained as
F(t)=¢,-P(1) (4.3)

g, =1+ 4.4)

B

Here ¢, is the rigid-body load factor. For the selected backing mass of 742

kg and 52 kg mass for the loadcell in front of the trolley, giving a rigid-body
factor of 1.07. The velocity w(¢) and displacement w(z) of the rigid body

can be expressed as

W(t)=v, —j.%dt (4.5)
w(t)sz(t) dt (4.6)

78 Bumper beam-longitudinal system subjected to offset impact loading



Section 4.2 Test set-up

Assuming that the impact started at time ¢ = 0 and that the trolley activated
the crashboxes on the reaction wall at time ¢ = #,. The displacement of the
trolley was found from Equation (4.6), hence

w(t,)= j W(t)dt (4.7)

Note that the time when the crashboxes were activated was obtained from
video recordings see Section 4.2.3. The distance from test specimen

activation until the trolley hits the crashboxes on the reaction wall /, is
easily measured prior to each test. The measurement of /, is shown in
Figure 4-5. Hence, a reliable measurement is ensured if w(z,)=/, , and the
following accuracy parameter is defined

6= 48)

When the deformation w has been obtained at each time step, the absorbed

energy E and the mean force level F,, are calculated as

Ew)=] f(w)dw (4.9)

0

Fo=L B .w>0 (4.10)
w

avg

The formulas given above assume that the only force acting on the trolley
during impact arises from the test specimen and measured by the loadcells.
Friction of any source was neglected (from trolley wheel bearings, from
rail-wheel interface, etc.). However, when the trolley activates the
crashboxes on the reaction wall at time ¢ = #,, the results given by the
equations above are no longer valid.
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4.2.3 High speed video camera

Two types of high speed video cameras were used to record the impact
events. The cameras are Phantom v5.0 and Photron’s ultima APX. In the
following sections information on the resolution, frame rate and the
recording mode for both cameras is presented.

4.2.3.1 Phantom v5.0

A Phantom v5.0 high speed monochrome digital video camera was used to
record the impact events. The monochrome model offers a higher sensitivity
and better image resolution than the colour model. The camera has a
maximum frame rate of 64 000 pictures per second and a maximum
resolution of 1024x1024 pixels. The frame rate is dependent on the choice
of resolution, the higher the resolution the lower the frame rate will be. For
recording the impact events of test series A, B and C, see Table 4-1, a
resolution of 1024x1024 pixels were used, giving a maximum frame rate of
approximately 1 100 frames per second (Phantom, 2004). When recording
at 1 100 pictures per second and higher, image blur can be a problem with
fast moving objects without the aid of additional shuttering. The Phantom’s
SR-CMOS sensor allows continuously variable shutter speeds down to 10
micro seconds (1/100 000 second) with intervals of 5 micro seconds
(Phantom, 2004). The shutter is a true “snap-shot” or synchronous shutter.
A standard Nikon AF Zoom-Nikkon lens with focal length 20-35 mm was
used. The camera has one gigabyte of image memory. At the chosen frame
rate and resolution the camera memory can store 1 second of film.

4.2.3.2 Photron’s ultima APX

The camera has 10-bit monochrome, 30-bit colour CMOS sensor with large
pixels and 4 micro seconds global electronic shutter that provide excellent
light sensitivity and sharp imagery. The APX provides full resolution
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(1024x1024 pixels) up to 2 000 frames per second, and reduced resolution
all the way up to 120 000 frames per second (Photron, 2005). The APX
memory can be expanded to facilitate 3 second record duration at maximum
resolution and a rate of 2 000 frames per second. Further, the camera
enables recording speed to be changed, up or down by a factor of four,
during a recording (Photron, 2005).

Two APX cameras were used to record test series D tests with maximum
resolution and at 2000 frames per second. Of the two cameras used, one
camera was used to capture the deformation mode of the complete system
and the other camera use was used to capture the folding process i.e. buckle
development in the longitudinal at the impacted end and the failure process
at the non-impacted end of the bumper beam.

For both cameras, the picture sequence is stored in the camera during
recording and transferred to a PC after the test using FireWire data transfer.
Prior to the test, the camera is set to continuously film using a FIFO (first in
first out) memory buffer system. Manual post-triggering was used, i.e. the
camera was triggered after the test was completed and all pictures already in
the memory were transferred to the computer used to store the films from
the experimental tests.

4.2.4 Operation of kicking machine

The operation of the kicking machine will now be described (Hanssen et al.,
2003a). Assume that the arm is in its neutral position, a little to the right of
the vertical (Pos. 1, Figure 4-3). The arm is connected to the piston rod of a
hydraulic/pneumatic actuator that is directly connected to a hydraulic
accumulator of the piston type. The volume between the actuator piston and
the accumulator piston is filled with hydraulic oil. When preparing for a
test, a valve is opened to let pressurised air from the house mains into the
piston rod side of the actuator. The arm will now move slowly back as the
excess oil flows back to the tank of the hydraulic power supply. When the
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arm reaches it’s starting position (Pos. 2, Figure 4-3) two hydraulic
cylinders, one on each side, will lock the arm by pressing against the
locking plate.

The gas (nitrogen) pressure in the accumulator is normally much higher than
the air pressure from the house main. Therefore the accumulator piston
remains in its lowest position (against the bottom stop) while the arm is
moved from Pos. 1 to Pos. 2. After the arm has been locked, a valve is
opened so that the volume on the rod side of the actuator is vented to the air.
The trolley is now brought up snug against the arm. A thrust roller mounted
at the rear of the trolley is in direct contact with the arm to ensure a perfect
transfer of forces. The machine is then charged by pumping in hydraulic oil
until the accumulator piston reaches its top position (against the top stops).
This is indicated by a sudden rise in the oil pressure. The gas (nitrogen)
volume in the accumulator has now been reduced by approximately 20%
with a corresponding increase in pressure (the maximum gas volume is
about 200 litres, whereas the minimum gas volume is approximately 161
litres). This compressed gas is the energy source for the accelerating system.
Hence, it is the initial gas pressure in the accumulator that determines the
force that can be produced. The test is now started by releasing the
hydraulic cylinders that lock the arm and the arm now pushes the trolley
forward along its rails. The connection of the actuator piston rod to the arm
introduces a 1:5 lever action, i.e. the force acting on the trolley is 1/5 of the
piston rod force, but the velocity at the trolley level is 5 times greater. Once
the arm has passed the useful part of its arc a sensor applies disc brakes in
the arm hubs to stop the arm. After the test, the brakes are released and the
arm dropped to its neutral position. Note that the actuator/accumulator
assembly has to be able to rotate around an axis trough the end of the
actuator, Figure 4-3.

The maximum change in gas volume of the 200-litre gas section of the
hydraulic accumulator is 39 litres. The maximum working pressure of the
accumulator is 200 bar. A constant pressure of 200 bar expanding by 39
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litres (from 161 litres to 200 litres) yields an energy output of 720 kJ.
However, the trolley leaves the arm after about 2/3 the stroke. Hence, the
maximum energy delivered to the trolley is approximately 500 kJ. For the
current trolley with a mass of M7= 794 kg, this indicates a maximum speed
of approximately 35 m/s (125 km/h).

4.3 Calibration of loadcells

This section describes the calibration procedure of the loadcells that were
used in the kicking machine see Section 4.2. The basis for the description is
by Hanssen et al. (2005). In order to measure the interface force between
the specimen and the trolley, a special purpose loadcell was designed. The
loadcell design is shown in Figure 4-9. Basically, the load cell is a stocky
cylinder with thick end flanges machined in one piece of high strength steel
with a minimum yield stress of gy = 600 MPa (proportionality limit). The
load measurement system is based upon four evenly distributed strain
gauges, glued on to the central shaft.

The signal from each strain gauge was sampled separately and used to
compute the axial force and bending moments. The shaft is a stocky
cylinder of circular section and with a wall thickness and outer diameter of 7
and 100 mm respectively. Both the ends of the central shaft are connected to
thick flanges (80 mm). Such a thickness is necessary in order to realise a
linear strain distribution (Euler-Bernoulli) over the cross-section in the
central shaft. The loadcell has five spherical indents machined into the front
flange, which are for calibration purposes. A compressive load was applied
to the loadcell through a steel ball successively located in all five holes, see
Figure 4-9. This yields sufficient information to fully calibrate the load cell.

Figure 4-10 shows the assumed linear-strain distribution in the loadcell for a
general eccentric loading condition. Let the original voltage signal from the

. T . .
four strain gauges be v, :{vlo,vg,v;),vf} where the subscripts specifies the
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strain  gauge. The output from the amplifier is then

T T . .
={v,,v,,v;,v,} . The axial strain in the

v=av, :{alvlo,azvg,a3v£,a4v2}
location of the strain gauges is proportional to voltage, hence
e={e,6,,6,,6,) =kv={kw,kV, kv, kv, . The four voltage signals of
\4 ={vl,v2,v3,v4}T were sampled separately and post-processed in order to

determine the reaction forces on the load cell.
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Figure 4-9 Loadcell details.
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4.3.1 Calibration step 1: Axial force

Assume a state of pure-axial loading (e=0). The axial force N is related to
the axial strain ¢ by N=K,& where K, is the axial stiffness. For this
loading condition there are four measures for the axial strain,
e=¢ =kv,,i=1.4. In this way there are also four measures for the axial
force, N=K,&,=K,kv.=K.v,, i=1..4. The state of pure-axial loading will
provide data for calibration of the constants K, i=1..4, see Section 4.3.3,
Figure 4-12(a)-(d).

An eccentrically applied normal force can be decomposed into an axial
force and two-orthogonal bending moments around the x- and y-axis, Figure
4-10. It 1s evident from this figure that four strain gauges will be sufficient

Cross section of load
cell (central part)

V3

Strain
gauge

Compression

&

E,E;

Figure 4-10 Strain distribution for development of calibration formulas.
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in order to capture the information from such a loading condition. The
average axial strain is taken as

g:iI?N(gl+52+g3+54):i13,v(k1v1+k2v2+k3v3+k4v4). However, the pure

axial calibration has determined the constants K, =Kk, i=1.4 and the

expression for the axial force is written as

1
sz(Klvl +K,v, + Ky, +K,v,) (4.11)
4.3.2 Calibration step 2: Bending moments

Assume a state of eccentric loading so that M =0 and M =N-e, Figure
4-10. The bending moment M _ is proportional to the curvature x_ of the
cross-section, viz. M =K, «,. The curvature is again proportional to the
difference in axial strains in the following manner, x =k (&,—&,) and one
can write
M, = _ka(‘94 _52)212ka (kyv, —kyvy)

K, .= _ (4.12)

==k (Kyk,v, —Kykv,) =K (Kv, = K,v,)
KN

Hence, M =K (K,v,—K,v,) where the constants K,and K, have already

been determined by the pure-axial loading condition in Section 4.3.1.
Eccentric loading around the x-axis will provide data for determination of

K . The same consideration can be used for eccentric loading around the y-
axis and one arrives at M =K (K, —K;v;). The results from the load cell

are given in Section 4.3.3, Figure 4-12(1)-(j).

If the strain gauges are not correctly positioned, a moment around the x-axis
will induce strains in the strain gauges used for calculation of moment
around the y-axis and vice-versa, Figure 4-11. However, this coupling effect
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can also be taken into consideration by the calibration formulas. The graph
of Figure 4-11 illustrates this. Assume that the loadcell has been subjected
to an axial force and moment only around the x-axis. The computed bending
moment around the x-axis is then M =K (K,v,—K,v,). The calculated

moment around the y-axis is M| =K (K,v, — K,v;), where the super index is

used to indicate that this is a residual moment. This error can be related to

the computed bending moment AM_ in the following manner
M)=KM =K-K (K,v,—K,v,) which easily determines K. The
residual moment Mf has to be subtracted from the original expression
M, =K (Kv, —K,v;). In this way, the complete formulas for the bending

moment around the x- and y-axis read

M, =K (K,v,~K,v,)-K] K, (K, — Kyv3) (4.13)
M,
I | Output signal from amplifier
y ncorrectly r_
positioned V= D)

strain gauge Calibration constants

v M, Kl’KzaKs’K4
: » K _,K
X2y
K.,K}
Axial force

Strain
gauge

1
N= Z(Klvl +Kv, +Kyv; +K,v,)
M) =K (Kv-Ky,)
Moment, x-axis

M, =K (Ky,—-Kyv,)-K, K, (Kv, —Kyv,)

Moment, y-axis

M, =K, (Kv,-Kyv,)-K; K, (K,v,—K,,)

M) =K}-M

y x

>
>

M, =K, (K4v4 —Ksz)

Figure 4-11 Correction for incorrect positioning of strain gauges and
summary of signal processing.
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and
M, =K (Kyv,—Kyv)-K]-K (K, —K,v,) (4.14)

A summary of the load signal processing is given in Figure 4-11.

4.3.3 Calibration results

The loadcells were calibrated in a Dartec 500 kN static testing machine
(accuracy £ 1% of applied load) using the approach described above. The
compressive load was applied cyclically at a frequency of 5 Hz. The force
level from the Dartec testing machine and the signal from the four strain
gauges were sampled digitally. All relevant data for one selected loadcell is
given in Figure 4-12. Figure 4-12(a)-(d) give the relation between force
level and signal from each strain gauge for pure-axial loading. The relation
is clearly linear although some hysteresis is evident from Gauge 2 and 3.
The hysteresis, or reversibility error, is the difference between the loadcell’s
output when a force following a monotonic decrease from its rated load
(Robinson, 1997). Robinson (1997) gives four hysteresis mechanisms for
loadcells. These are 1) metallurgical hysteresis, 2) local yielding effects, 3)
hysteresis in strain-gauge backing and adhesive layer and finally 4) slip at
the interface between loadcell support conditions. Given the axisymmetry of
the current loadcell and support conditions, hysteresis in the strain-gauge
backing and adhesive layer could be a possible explanation for the
hysteresis observed for Gauge 2 and 3 only.

Four eccentric loading conditions were applied to the loadcell, namely
loading by the steel ball through the four eccentrically placed holes in the
top flange, Figure 4-9. First, this load condition can be used to check the
performance of the calibration formula for the total axial force given by
Equation (4.11) and defined by the constants K., i =1..4 of Figure 4-12(a)-

(d). The results can be seen in Figure 4-12(e)-(h). The formulas appear to
give good results, although the force levels are somewhat underestimated by
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Figure 4-12 Results from calibration procedure.
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the calibration formula for loading position 3 (which is the hole directly
above Gauge 3). The calibration results relating to the two bending
moments M and M are shown in Figure 4-12(i)-(j). The corresponding

correction for the coupling error between the two bending moments is given
in Figure 4-12(k)-(1) and is less than 1% for both cases.

4.4 Instrumentation and data acquisition

Figure 4-13 shows a block diagram of the signal path from the strain gauges
on the loadcell to the logging card in a PC. The strain gauges used have a
resistance of R,=350Q and a gauge factor of 2.10 (FLA-3-350-11-4L,
Tokyo Sokki Kankyujo Co. Ltd. JAPAN). Strain gauge consists of a metal
filament mounted on paper or a synthetic material. When a strain gauge is
elongated, the area a, of the metal filament will decrease while the length

[, increases. Thus, the resistance of the filament is changed, i.e. AR=p, ﬁ—;‘_.
The resistivity p, of a strain gauge is temperature dependent, but for the

current application (short duration impact loading) it can be regarded as a
constant.

A Wheatstone’s measuring bridge was used to measure the strain from each
strain gauge, Figure 4-14, i.e. to convert the difference in resistance to a
difference in volts. In Figure 4-14, the resistance R, refers to the strain

gauge with resistance R, + AR after elongation. R,, R, and R, are fixed

Sl -

Load cell Measuring Amplifier
bridge

Figure 4-13 Block diagram of measuring system.
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resistances equal to R, . The relation between resistances and voltage V' in a

Wheatstone’s quarter bridge is
- R —R R
A V — V() R2 + 3 — VO 0 + 0
R +R, R,+R, R,+AR+R, R,+R,

AR
:VO e
(2-AR+4-ROJ

The signals from the strain gauges are very small and need to be amplified.

(4.15)

It is also an advantage to put the amplifier as close to the strain gauges as
possible to prevent the signals from picking up electrical noise. Owing to
the test set-up it is difficult to locate the measuring bridge and the amplifiers
directly beside the loadcells. However, the wires from the loadcell are
shielded in order to reduce the effect of electrical noise.

The amplifiers were specially made for the purpose of the present study.
Each amplifier was built up of three high-speed programmable gain-

Figure 4-14 Wheatstone’s measuring bridge and first instrumentation
amplifier (U1).
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instrumentation amplifiers of type PGA207 from Burr-Brown. These are
denoted U1-U3 in Figure 4-15. In short, an instrumentation amplifier
increases the difference between the two input signals on pin 4 and pin 5,
Figure 4-14. Each of the three instrumentation amplifiers has a gain that can
be changed digitally. The change is made by S1-S3, which each contains
two switches. With these switches it is possible to get four different gains
for each instrumentation amplifier, the actual factors being 1, 2, 5 and 10.
There are two potentiometers P1 and P2 in each amplifier. The first (P1) is
used to set the zero point level. This is necessary because there is a small
deviation in the zero-point level due to drift in the strain gauges and the
amplifier. The other potentiometer (P2) is used for step less control of the
gain. The bandwidth is an important feature of the amplifiers. If the
bandwidth is too small, important high-frequency information in the signal
may be lost. The multiple of gain and bandwidth of instrumentation is close
to constant. An amplification of 5x5x5 = 125, which will be used in the
current test set-up, will give a bandwidth of 1.0 MHz (from data sheet of
PGA207). This is more than enough for impact testing of bumper beam-
longitudinal systems.

4.4.1 Logging

The signals from the strain gauges were sampled separately, i.e. four
channels were needed per loadcell. The logging card of the PC was

i
4

|
1515 15 15 15 15

2 3 :

i s . :

Measuring 1 UL u u2 ¥ U3 u :
5 |

bridge s 5
: P1

PC

P2

Figure 4-15 Block diagram of amplifier.

92 Bumper beam-longitudinal system subjected to offset impact loading



Section 4.4 Instrumentation and data acquisition

delivered by Computer Boards, type PCI-DAS4020/12. The maximum
sampling frequency of one channel was 20 MHz. This value will decrease
with use of more than two channels. Each logging card had four input
channels. For the bumper beam-longitudinal system set-up in Figure 4-1, ten
channels were used, requiring the use of three logging cards (the two rear
load cells require eight channels, whereas the two load cells on the trolley
require two channels). The maximum sampling frequency for this
configuration (and up to 12 channels in total) was 5 MHz. The logging card
can use two sensitivities =1 V and £5 V, depending on the level of input
signal. This gives a resolution of 0.488 mV or 2.441 mV respectively with
12 bits A/D converters. Special in-house software was developed using
Visual Basic to control the logging cards. The sampling frequency used with
the logging program was 500 kHz and the sensitivity used was £5 V. The
data collection of the logging program was initiated by signals from a
photocell system mounted directly in front of the impact area.

4.4.2 Filtering

In the tests there are a lot of elastic stress waves in the loadcells propagating
through the strain gauges, see Figure 4-16. All the experimentally obtained
force-time curves were smoothed using a moving-point average algorithm
of 1250 points, roughly corresponding to a low-pass filter with a cut-off
frequency of 400 Hz. The smoothing algorithm starts the averaging
gradually, i.e. in the beginning of the signal the first data point is the
original one, the next point is the average of the foregoing point, itself and
the subsequent point. This process is continued until reaching the maximum
number of smoothing points, here 1250. Then 1250 points is used in the
smoothing of the main signal until approaching the end of the signal. At the
end of the signal, the number of averaging data point is reduced in the same
manner as was done at the start of the signal. The moving-point average
algorithm reduced the oscillations in force level, but the absorbed energy
will be correctly estimated. No other filtering methods were investigated.
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Figure 4-16 Filtering of measured force-time curves.
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In this chapter experimental results on the bumper beam-longitudinal
systems are presented. Four series (see Table 4-1) of tests were performed
viz. test series A, B, C and D. Five parallel tests were performed for test
series A, whereas for other test series three parallels were tested. The
purpose of these tests is to establish an experimental database for the
bumper beam-longitudinal system at 40% offset impact and to validate an
FE-model.

The test conditions were similar; the variables being the strength of the
longitudinal and impact velocity, to provide further information about the
repeatability and robustness of the bumper beam-longitudinal system at
offset impact.

Load transfer is the key element influencing the energy absorption
capability of a system/structure during the impact. Normally the load is
transferred from one structural compartment to the next as the crash event
progresses and the load path could be an axial, bending, shear, or a
combination.

For the bumper beam-longitudinal system at offset impact, the load path is
neither pure axial nor bending collapse, but rather a combination of the two
modes. The impact energy of the trolley is to be absorbed by the collapse of
the bumper beam and crushing and bending of the longitudinal members.
For the collapse of the longitudinal member at the impacted end both an
axial load and a bending moment is to be transferred from the bumper beam
to the longitudinal.
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The succeeding sections presents the results from test series A, B and C
with varying longitudinals strength and test series D at increased impact
velocity. The force-deformation plots obtained from the loadcells on the
trolley with the corresponding photographs of the deformed test specimens
are given for each test series.

5.1 Testseries A

The response data obtained for test series A, i.e. with an impact velocity of
10 m/s and with AA7003-T79 material used in the longitudinals, are
presented in Figure 5-1. Filtered force-deformation plot for each of the test
is shown on the left side of the deformed test specimen. For the five parallel
tests filtered force-deformation curves are plotted in Figure 5-2. The force-
deformation characteristics are similar for the five parallels, Figure 5-2,
even though their deformation pattern varies. A photo gallery of the
deformation history is given in Figure 5-3 for test specimen Al based on the
high speed video camera recording. The corresponding loadcell data is
given in Figure 5-4. Note that the given time refers to the image taken
closest to the assumed time of impact.

The sequence of events, see Figure 5-3, for test specimen Al during the
impact was as follows (the selected times were denoted with dots on the
force-time curves in Figure 5-4). The impact event started at time t;. By the
time t, the bumper beam cross-section was completely collapsed and
buckling in the impacted longitudinal was initiated. At time t; the bumper
beam has developed a plastic hinge in the mid-section. A crack developed at
the non-impacted end of the bumper beam at time t;, as folding in the
impacted longitudinal continued. Note the significant curvature of the non-
impacted longitudinal as it was strained by the bumper beam. It is evident
that this loading caused the development of a local buckle at its clamped
end, prior to time ts. The trolley almost activated the crashboxes on the
reaction wall at time te.
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Figure 5-1 Experimental results for test series A.
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Figure 5-2 Filtered force-deformation plots for test series A.
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Figure 5-3 Photos taken from high speed video recording for test specimen
Al.
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Figure 5-4 Loadcell data for test specimen Al.
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If no inertia effects were present, the total forces measured on the trolley
should correspond to the total forces on the reaction wall. As seen from
Figure 5-4, the force levels recorded on the reaction wall are in general
somewhat higher than the trolley force due to the inertia of the bumper
beam-longitudinal system.

When the trolley impacts the bumper beam-longitudinal system, the impact
energy was initially used in crushing the bumper beam cross-section
completely. The crushing of the bumper beam corresponds to a deformation
of about 60-70 mm. A close view of the crushed bumper beam cross-section
is shown in Figure 5-5(a). The collapse of the bumper beam cross-section
was accompanied with the bending of the interface place. As soon as the
collapse of the bumper beam was completed, the force acting between the
trolley and the system was mainly governed by the folding mechanism(s) in
the longitudinal member.

The interface plate was welded to the longitudinal, thus it was assumed that
a softer zone would develop at the welded end in the longitudinal. Hereafter,
this softer zone is called a heat-affected zone (HAZ).

Initiation of the first buckle in the impacted longitudinal led to a rise in the
force level. This happened at a deformation of 100 mm see Figure 5-2,
which corresponds to 10 ms in Figure 5-3 (second image). The following
highest peak in the force-deformation plots in Figure 5-2, at a deformation
of about 160 mm, was due to the formation of a second buckle in the
impacted longitudinal. This was observed from the video camera recordings.

The reason for these two different peaks in the force-deformation plots was
as follows. The first buckle in the impacted longitudinal developed just
below the HAZ and thus requiring a moderate increase in the force level to
cause buckling. On the other hand, the location of the second buckle is
(assumed to be) outside the HAZ, at least for the tested systems here, where
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the material properties in the longitudinal are not affected by the welding
process and this resulted in a significant rise in the force level.

The subsequent crushing of the impacted longitudinal was by progressive
folding with an axisymmetric deformation mode, Figure 5-5(a). In the figure
the numbers represents the lobes developed in the impacted longitudinal.
The axisymmetric mode is here defined as the mode where two opposing
walls move inwards and the other two move outwards, which is referred to
as one lobe. This progressive folding mode was observed in all the five
parallel tests. The failure events related to the progressive folding in the
impacted longitudinal together with the collapse of the bumper beam is
denoted as “crushing failure” in Figure 5-1 and Figure 5-5(a).

The longitudinals of test series A had smaller strain hardening properties
compared to the longitudinals of test series B, see Section 3.4.1. The smaller
strain hardening properties aided in the easy localisation of strains leading to
progressive buckle development (Jones, 2003) in the impacted longitudinal.

A plastic hinge developed in the mid-section of the bumper beam. As the
hinge developed the upper flange of the bumper beam experienced an
inward motion. At this point a kinematic mechanism developed. This
inward movement of the upper flange caused the side walls (webs) to move
outward. Simultaneously, rupture in the folded flange and webs took place
which resulted in the bending failure, see Figure 5-5(b).

Due to the bolted connection between the bumper beam and the
longitudinals, crushing of the impacted longitudinal made the bumper beam
to rotate about the plastic hinge at mid-section with the development of a
tensile force along the length axis of the bumper beam. This tensile force in
the bumper beam increased further with the crushing of the longitudinal and
caused localisation of strains at the non-impacted end. In ductile materials,
like aluminium, modes of plastic instability and strain localisation will
normally occur before the fracture strain in tension is reached. These modes
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will tend to localise the strains in the material, and this will eventually
produce a fracture. The crack resembled a through-thickness shear
instability mode (Bressan and Williams, 1983; Hooputra et al., 2004). A
close view of the through-thickness shear crack is shown in Figure 5-5(c).

As can be seen from Figure 5-5(c), there is a propagating tearing crack at
the intersection between the lower flange and the web. However, from the
video camera recordings the time of occurrence was not clear as the view
was hidden from the camera angle, see Figure 5-3. It is presumed that the
propagating tearing crack occurred before the development of the through-
thickness shear crack.

Note the significant curvature change in the non-impacted longitudinal as it
was strained by the bumper beam and a local buckle was developed at the
clamped end of the longitudinal. This buckle was observed for all the five
parallel experiments, see Figure 5-1.

The development of a local buckle in the non-impacted longitudinal can also
be seen from the moment-time curve (M) data from the loadcell at the non-
impacted end in Figure 5-4, where the curve started to drop from its

(b)
Figure 5-5 Typical deformation and failure modes for test series A: (a)

Crushing failure, (b) Bending failure and (c) Through-thickness
shear and propagating tearing cracks.
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peak position at 61 ms. However, in the same figure the moment-time curve
(My) data from the loadcell at the impacted end recorded a moment of 9
KNm about the y-axis approximately at 30 ms. This effect has not been
investigated, but is probably due to bending of the system about y-axis.

From the post-crash test specimens a considerable amount of failure zones
has been observed in the folds of the longitudinal. However, these failure
events are not critical since they do not propagate or significantly reduce the
energy absorption of the system.

From the high speed video camera recordings for the five parallels it seemed
that the trolley barely touched the crashboxes on the reaction wall, as no
plastic deformation was observed in the crashboxes. This can also be seen
from the velocity-time curve in Figure 5-4. The velocity of the trolley
reached zero at about 90 ms, and further increase of velocity in the negative
direction is due to the retardation of the trolley, see the last graph of Figure
5-4. In case the trolley had activated the crashboxes, the velocity curve
should have been parallel to the abscissa from the activation time onwards.
Such types of curves can be found for test series B, C and D in the forth-
coming sections.

Thus the impact energy of the trolley was fully absorbed by the bumper
beam-longitudinal system, which can also be observed from the energy-
deformation plots. The energy absorption performance of test series A is
summarised in Figure 5-6(a) where the absorbed energy is shown as a
function of the deformation. The mean force-deformation plots are shown in
Figure 5-6(b), where it is seen that the mean force increases as the folding in
the impacted longitudinal increased.

In test specimen A2 the lower flange of the bumper beam encountered an
unacceptable failure mode, whereas in test specimen A3 fracture in the weld
was observed see Figure 5-1. However, the failure events did not show any
significant influence on the force-deformation characteristics, Figure 5-2.
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All the five repetitions of test series A showed similar force-deformation
characteristics with little scatter, i.e. in this sense a robust performance.

The deformation modes for the remaining four test specimens of test series
A, i.e. A2, A3, A4 and A5, are given in Appendix-A along with the images
from the high speed video camera recordings and loadcell data.

Assuming that the trolley just hit the crashboxes on the reaction wall the
accuracy parameter, defined by Equation (4.8), calculated for the five
parallel is shown in Table 5-1. For a reliable measurement the ideal value of
this accuracy parameter should be one. From the variations in the accuracy
parameter, it was possible to conclude that the average force level on the
trolley fall well within £5 %.

5.2 Test series B

The response data obtained for test series B, i.e. with an impact velocity of
10 m/s and with AA7003-T1 material used in the longitudinals, are shown
in Figure 5-7. Unlike the case of test series A, the three parallel tests
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Figure 5-6 (a) Energy-deformation, (b) Mean force-deformation plots for
test series A.
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resulted in three significantly different deformation modes. Thus, a non-
robust performance of the bumper beam-longitudinal systems was
experienced when the test series B longitudinals were used, see Table 4-1.
Due to the difference in the deformation and failure modes for the three test
specimens, only one test specimen i.e. B1 is studied thoroughly. Further, it
is not possible to generalise the typical failure modes in the systems as like
test series A.

In this case also, the impact energy in the initial stage was used for crushing
of the bumper beam cross-section, and later in deforming the longitudinals.

A sequence of photos showing the deformation history for test specimen B1
is shown in Figure 5-8 together with the corresponding results from the
loadcell in Figure 5-9. The dots in the force-time curves, Figure 5-9,
represent the different deformation stages shown in the photos. The
sequence of events in Figure 5-8 for test specimen B1 was as follows. The
impact process started at time t; = 0.

Table 5-1 Accuracy parameter Equation (4.8) for test series A.

Reaction wall

Length prior to Calculated crashboxes Accuracy

Test testing displacement activation time parameter
Series A |b W(tb ) t, &
(mm) (mm) (ms)

Al 421 438.2 81 1.040
A2 420 411.6 76 0.980
A3 420 423.2 84 1.007
A4 422 418.9 83 0.992
A5 421 419.1 81 0.995
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Figure 5-7 Experimental results for test series B.
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Figure 5-8 Photos taken from high speed video recording for test specimen
B1.
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Figure 5-9 Loadcell data for test specimen B1.
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Before time t, the bumper beam cross-section had collapsed completely and
the buckling in the impacted longitudinal started. Propagating tearing crack
in the bumper beam appeared before time ts. Prior to time t; the deformed
end of the impacted longitudinal started to rotate about the buckle that
developed during the time t,. The failure events at the non-impacted end of
the bumper beam have fully developed at time ts. The trolley activated the
crashboxes on the reaction wall at time ts.

Transition from progressive buckling to global bending was observed in the
impacted longitudinal for test specimens B1 and B3. This collapse mode
was characterized by large lateral displacements. The large lateral
displacements included localised sectional collapse of the mid- and end
sections of the longitudinal member.

As can be seen in the second image of Figure 5-8, the first buckle (lobe) in
the impacted longitudinal developed in the mid-section, approximately at a
distance of 200 mm from the impacted end of the longitudinal. The first
buckle acted as a hinge, making the longitudinal to bend globally upon
further crushing. The sudden drop in force level at 17 ms in Figure 5-9
corresponds to this transition of the deformation mode. Further crushing of
the impacted longitudinal caused a rise in the force level as new buckles
were created on both sides of the hinge. The combined propagating
tearing/through-thickness shear fracture events at the non-impacted end of
the bumper beam occurred in a similar fashion as for test series A.

As mentioned, the load transfer from the bumper beam to the impacted
longitudinal is caused by axial and bending modes. But for test specimen B1
the bending collapse in the longitudinal dominated over the axial collapse
mode. Further, this can also be linked to the bending stiffness of the
longitudinal, as the longitudinals of test series B had lower yield strength
and higher strain hardening, see Section 3.4.1. However, it was observed
that the longitudinal members had a tendency to develop lobes randomly
along the length of the members, thus making the member more unstable
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and increasing the probability of a transition from progressive buckling to
global bending.

The deformation modes for three parallel tests were different with
significant scatter in the force-deformation plots, i.e. a non-robust
performance of the bumper beam-longitudinal systems. All the filtered
force-deformation plots of test series B are shown in Figure 5-10. It was not
clear from the experiments, why there is no rise in the force level although
there was some deformation for test specimen B3, see Figure 5-7 and Figure
5-10. The energy-deformation plots are shown in Figure 5-11(a).

The video camera recordings for the three parallels showed that the trolley
activated the crashboxes on the reaction wall. Further, this can also be
clearly seen from the velocity-time curve in Figure 5-9. After the activation
of the reaction wall crashboxes the velocity became constant and parallel to
the abscissa at 55 ms, which corresponds to a deformation of about 420 mm.
For this reason the energy-deformation plots in Figure 5-11(a) are shown
only up to a deformation of 500 mm.
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Figure 5-10 Filtered force-deformation plots for test series B.
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Due to the unacceptable failure modes in the bumper beam and impacted
longitudinal, the system had reduced energy absorption capability. And thus
a low mean force. The mean force-deformation plots are shown in Figure 5-
11(b). The accuracy parameter, defined by Equation (4.8), calculated for the
three parallels is shown in Table 5-2. For test specimen B3 the average force
level on the trolley was underestimated by 9%, while the other two tests
were with in £5% . The deformation history in the form of image galleries

from the video camera recordings and the corresponding loadcell data for
test specimens B2 and B3 are given in Appendix-B.
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Figure 5-11 (a) Energy-deformation, (b) Mean force-deformation plots for
test series B.

Table 5-2 Accuracy parameter Equation (4.8) for test series B.

Reaction wall
Length prior to Calculated crashboxes Accuracy
Test testing displacement activation time parameter
Series B |b W(tb) t, é:b
(mm) (mm) (ms)

Bl 420 424.4 55 1.010
B2 426 442.1 65 1.037
B3 431 473.6 65 1.098
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5.3 Test series C

The response data for test series C, i.e. with an impact velocity of 10 m/s
and with AA6060-T1 material used in the longitudinals, are presented in
Figure 5-12.
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Figure 5-12 Experimental results for test series C.
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All the tested specimens of this series obtained the same deformation mode.
The bumper beam’s cross-section in this series was not completely
collapsed, Figure 5-12, as the longitudinals of test series C had a reduced
strength, Section 3.4.1, when compared to the longitudinals of other test
series. However, the impact energy absorbed by the bumper beam-
longitudinal system was also much lower.

A photo gallery of the deformation history based on the high-speed video
recordings for test specimen C1 is given in Figure 5-13. The corresponding
results from the loadcell data are shown in Figure 5-14.

The discussion on the sequence of events for test specimen C1 in Figure 5-8
is presented below. The selected times are denoted with dots on the force-
time curves in Figure 5-14. The impact started at time t; = 0. Initiation of
buckling in the impacted longitudinal started with minor deformation of the
bumper beam cross-section at time t,. At time t; a central plastic hinge in the
mid-section of bumper beam developed. At time t; the non-impacted
longitudinal had a buckle very close to the HAZ due to the straining caused
by the bumper beam, whereas another local buckle in the non-impacted
longitudinal has developed at its clamped end at time ts. The reaction wall
crashboxes were activated by the trolley at time ts, with notable amount of
plastic deformations in the crashboxes.

Before complete crushing of the bumper cross-section, activation of the
impacted longitudinal took place with the development of a buckle just
below the HAZ. The position of the first buckle along the length of the
longitudinal member appeared to be below the HAZ for all three parallels.

With the increase in impact force, the web of the bumper beam buckled
outwardly at the impacted end and simultaneously a plastic hinge developed
in the mid-section. The rest of the impact energy of the trolley was used in
progressive folding of the impacted longitudinal and continued bending of
the bumper beam.
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Figure 5-13 Photos taken from high speed video recording for test specimen
Cl.
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Figure 5-14 Loadcell data for test specimen C1.
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A close view of the buckled bumper beam and the progressive folding in the
impacted longitudinal is shown as “crushing” in Figure 5-15(a), while the
bending at the mid-section of the bumper beam is shown in Figure 5-15(b).

As the crushing of the impacted longitudinal progressed further, the bumper
beam curvature changed significantly. There was enough force in the axial
direction of the bumper beam to localise the strains at the non-impacted end
for the development of a through-thickness shear crack, but due to the soft
nature of the longitudinal members an inward buckle developed below the
HAZ. A close view of this buckle is shown in Figure 5-15(c).

This can also be observed from the peak in moment-time curve (M,) data

from the loadcell at non-impacted end in Figure 5-14 at about 30 ms. The
moment was almost constant until the formation of another plastic hinge at
its clamped end. The drop in the moment-time curve at 50 ms represented
this event. These two buckles on the non-impacted longitudinal can be
observed in all the three test specimens in Figure 5-12.

The filtered force-deformation plots for the three tests in this series are
shown in Figure 5-16. When compared to test series B, Figure 5-10, the test
series C showed good repeatability. No high peaks in the force-deformation
plots are found as for test series A in Section 5.1. Owing to less strength and

(a) Crushing

(b) Bending (c) Inward buckle

Figure 5-15 Typical deformation and failure modes for test series C.
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moderate strain hardening, see Section 3.4.1, the energy absorbed by the
bumper beam-longitudinal system was, however, very small, see Figure 5-
17(a). About 23 kJ of the impact energy has been absorbed by the bumper
beam-longitudinal systems before the trolley activated the crashboxes on
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Figure 5-16 Filtered force-deformation plots for test series C.
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Figure 5-17 (a) Energy-deformation, (b) Mean force-deformation plots for
test series C.
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reaction wall. The activation of reaction wall crashboxes can also be
recognised from the velocity-time curve in Figure 5-14. The cracks in the
folds of the longitudinal and in the plastic hinge were not that notable. The
mean force of the system, Figure 5-17(b), was low when compared to the
other two test series A and B.

The accuracy parameter, defined by Equation (4.8), calculated for the three
parallels is shown in Table 5-3. The average force level on the trolley was
underestimated in all the tests but with in + 5%. The deformation history in
the form of an image gallery from the video camera recordings and the
corresponding loadcell data for test specimens C2 and C3 are given in
Appendix-C.

5.4 Test series D

In Section 5.1 experimental results for test series A were presented, where
the impacting velocity was 10 m/s. Another set of experimental tests were
performed at 15 m/s impact velocity (test series D, see Table 4-1). The
longitudinals used for testing the bumper beam-longitudinal system at the
increased speed were the same as those used in test series A, i.e AA7003-
T79. In the following test results for test series D will be presented and
discussed.

Table 5-3 Accuracy parameter Equation (4.8) for test series C.

Reaction wall

Length prior to Calculated crashboxes Accuracy

Test testing displacement activation time  parameter
Series C |b W(tb ) t, £
(mm) (mm) (ms)

C1 443 454.2 55 1.025
Cc2 448 453.4 55 1.012
C3 471 479.5 59 1.018
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The response data obtained for test series D are shown in Figure 5-18.
Filtered force-deformation plot for each test is shown together with
corresponding final deformed shape. All the tested specimens of this series
obtained the same deformation mode. As mentioned earlier (see Section
4.2.3) the experiments of test series D were recorded with two high speed
cameras.
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Figure 5-18 Experimental results for test series D.
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Figure 5-19 Photos taken from high speed video recording (first camera) for
test specimen D1.
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Figure 5-20 Loadcell data for test specimen D1.
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The first and second camera recordings are shown respectively in Figure 5-
19 and Figure 5-21. A photo gallery of deformation history is shown in
Figure 5-19 for test specimen D1. The corresponding results from the
loadcell data is presented in Figure 5-20. Filtered force-deformation plots
for the three parallels are plotted in Figure 5-22.

The sequence of events in Figure 5-19, for test specimen D1 was as follows.
The selected times were denoted with dots on the force-time curves in
Figure 5-20. The impact event started at time t; = 0. Buckling initiation in
the impacted longitudinal started at time t,. Development of a central plastic
hinge in the bumper beam started at time ts, before this time complete
development of the first buckle in the impacted longitudinal took place. As
the folding in the impacted longitudinal continued and also due to the
change in the curvature of the bumper beam, a combined propagating
tearing and through-thickness shear crack developed at the non-impacted
end of the bumper beam. This happened at time t4. A local buckle developed
at time ts in the non-impacted longitudinal at its clamped end. The trolley
activated the crashboxes on the reaction wall at time ts.

(b)

Figure 5-21 Images captured by second camera for test specimen D1 (a)
Buckling initiation, (b) complete formation of first buckle in the
impacted longitudinal.
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The second camera was mainly used to understand the deformation process
(folding) which happened in the impacted longitudinal. From the camera
recordings in Figure 5-21(a) it was clear that the buckling initiation in the
impacted longitudinal started below the HAZ. The completely developed
first buckle in the impacted longitudinal is shown in Figure 5-21(b).

During the initial phase of the impact process the bumper beam did not
collapse completely as for test series A. Before complete crushing of the
cross-section of the bumper beam, the initiation of a lobe in the impacted
longitudinal took place. The first buckle in the impacted longitudinal started
to develop at a deformation of 50-60 mm, see Figure 5-22. This corresponds
to 4 ms in the second image of Figure 5-19 and is marked with a dot on the
force-time curve in Figure 5-20. Crushing of the bumper beam cross-section
and bending of the interface plate continued with the complete development
of the first buckle in the impacted longitudinal, resulting in rise in the force
level. The second buckle that developed in the impacted longitudinal led to
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Figure 5-22 Filtered force-deformation plots for test series D.
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the highest peak in the force-deformation plots in Figure 5-22, at about 160
mm deformation.

Subsequent crushing of the impacted longitudinal was by progressive
folding with an axisymmetric deformation mode. For the three parallels,
there was little scatter in the force-deformation data with respect to the
highest peak force level see Figure 5-22.

The crushed bumper beam together with the progressive folding mode in the
impacted longitudinal can be seen in Figure 5-23(a). Of the three systems
tested, test specimens D1 and D2 obtained the same amount of deformation,
while slightly higher deformation was observed for test specimen D3. The
reason for this higher deformation in test specimen D3 could be due to the
use of pre-deformed crashboxes on the reaction wall.

The development of a plastic hinge in the mid-section of the bumper beam,
see Figure 5-23(b), and the propagating tearing and through-thickness shear
cracks at the non-impacted end followed the same course as for test series
A. A close view of the propagating tearing/through-thickness shear crack is

(b)

Figure 5-23 Typical deformation and failure modes for test series D: (a)
Crushing failure, (b) Bending failure and (c) Through-thickness
shear and propagating tearing cracks.
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shown in Figure 5-23(c). For test specimen D3 the location of the second
camera was changed to capture the fracture events that were happening at
the non-impacted end of the bumper beam. It was revealed that the
propagating tearing crack at the intersection between the lower flange and
the web started much earlier than the through-thickness shear crack.

From the post-crash test specimens a considerable amount of failure zones
was observed in the folds of the longitudinal. However, these failure events
are not critical since they do not propagate.

From the video recordings it was observed that the trolley activated the
crashboxes on the reaction wall. The energy-deformation and mean force-
deformation plots for test series D are plotted in Figure 5-24(a) and (b)
respectively. It was clear from these figures that, for the same amount of
deformation test specimens D1 and D3 absorbed almost the same amount of
energy, while slightly increased energy absorption was found for test
specimen D2. Furthermore, it was not clear from the high speed video
recordings why there was an increased peak force level for the test specimen
D2 in Figure 5-22.
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Figure 5-24 (a) Energy-deformation, (b) Mean force-deformation plots for
test series D.
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The accuracy parameter defined by Equation (4.8) for the three parallels of
test series D is shown in Table 5-4. The parameter was within the rage of
0.99-1.007, indicating a very good accuracy of the recorded force. The
deformation history of test specimens D2 and D3 obtained from the high
speed video camera recordings and the loadcells are given in the Appendix-
D.

5.5 Comparison of test series A and D

The longitudinals used in the test series A and D were the same, i.e.
AAT7003-T79, and the only difference being the impact velocity of 10 and
15 m/s for test series A and D, respectively.

5.5.1 Force-deformation

The total impact energy available for test series A and D was 39.7 kJ and
89.3 kJ, respectively. Thus for test series D the impact energy was more
than double that of test series A. A much higher peak force was expected
due to the influence of inertia and material strain-rate hardening, as
instantaneous plastic strains develop at the beginning of the response. The
typical force-deformation plots for selected test of test series D is plotted
together with test series A in Figure 5-25.

Table 5-4 Accuracy parameter Equation (4.8) for test series D.

Reaction wall

Length prior to Calculated crashboxes Accuracy

Test testing displacement activation time ~ parameter
Series D |b W(tb ) t, égb
(mm) (mm) (ms)

D1 423 422.0 32 0.997
D2 420 423.1 32 1.007
D3 456 458.4 35 1.005
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In the beginning of the deformation process, test series A and D behaved
quite differently. For test series A complete collapse of the bumper beam
cross-section occurred first and then the buckling initiation in the impacted
longitudinal started, whereas in test series D the bumper beam did not
collapse completely before the initiation of buckling in the impacted
longitudinal.

The development of the second buckle in the impacted longitudinal caused
to the highest peak in both test series. However, the peak force level was
lower for test series D than for test series A, see Figure 5-25. The
subsequent crushing of the impacted longitudinal was by a progressive
folding mode in both series systems.

The energy-deformation and mean force-deformation plots for test series A
and D are shown in Figure 5-26(a) and (b), respectively. From Figure 5-
26(a) one can clearly observe that the amount of energy absorbed by both
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Figure 5-25 Comparison of typical force-deformation curves for test series
A and D.
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test series was almost the same before the impactor activated the crashboxes
on the reaction wall.

5.5.2 Deformation shape

A comparison of the impacted end of the bumper beam-longitudinal systems
for test series A and D in Figure 5-1 and Figure 5-18, respectively, reveals
that the number of lobes developed in the impacted longitudinal was
different. The number of lobes developed in test series D was ten, Figure 5-
23, while the corresponding number for test series A was nine Figure 5-5

(@).

In test series D, the impact energy was not completely absorbed by the
bumper beam-longitudinal system. Thus even after the activation of the
crashboxes on the reaction wall the system deformed further together with
the crashboxes using the rest of the impact energy. Hence, the impacted
longitudinal had an extra lobe in test series D than in test series A. Thus, it
is clear that the number of lobes developed in the impacted longitudinal of
such a system was dependent on the impact velocity, at least for the systems
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Figure 5-26 Comparison of (a) Energy-deformation, (b) Mean force-
deformation plots for test series A and D.
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tested here. Jones (1997) also noticed that there is an increase in the number
of lobes developed with the increase in impact velocity.

From Figure 5-23 one can also clearly observe that the deformed end of the
impacted longitudinal has some rotation towards the non-impacted end, in
test series D. Whereas no such rotation was observed in test series A, see
Figure 5-1. The rotation of the deformed end of the impacted longitudinal in
test series D might be due to the inertia of the system at the increased impact
velocity. Moreover, the lobes developed in test series D were much more
compressed than in test series A.

Figure 5-27 shows the comparison of the propagating tearing and through-
thickness shear cracks which occurred at the non-impacted end of the
bumper beam in test series A and D. In the figure test specimen A3 is not
shown, since it had encountered weld fracture instead of developing a
through-thickness shear crack. The through-thickness shear crack in test
series A was not consistent compared to test series D. In test specimens Al
and A2 the through-thickness crack occurred at an angle to the axis of the
longitudinal Figure 5-26, whereas in test specimens A4 and A5 the crack
was almost parallel to the initial axis of the longitudinal. One possible

Figure 5-27 Comparison of through-thickness shear crack at the non-
impacted end of bumper beam for test series A and D.
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reason for this inconsistency in the development of through-thickness shear
crack in test series A is the manner in which the non-impacted end of the
bumper beam was strained due to the offset loading.

5.6 Summary

Test results on the bumper beam-longitudinal systems at 40% offset impact
have provided guidelines on the influence of alloy, temper condition and
also the impact velocity on the crash performance.

Test series A revealed that the total impact energy was effectively utilised in
crushing the bumper beam as well as the longitudinal at the impact end,
without the activation of the crashboxes on the reaction wall. However, test
series B, C and D have shown the activation of crashboxes on the reaction
wall. The force-deformation characteristics seemed to be similar for all the
test specimens of test series A, see Section 5.1, even though their
deformation pattern varied. For test specimens A2 and A5 the bumper beam
encountered unacceptable failure modes. Of the 14 tests carried out weld
fracture was observed only in test specimen A3.

In test series B three significantly different deformation modes were
observed for the bumper beam-longitudinal system (see Section 5.2) i.e. the
tendency to unacceptable failure modes of the bumper beam and
longitudinal was higher. The only difference between test series A and B
was the temper condition of the longitudinals. Series B (AA7003-T1)
longitudinals had less strength with significant strain-hardening compared to
series A (AA7003-T79) longitudinals, which had higher strength and
moderate strain-hardening. Moreover, the results for test series B have
shown that the deformation mode of the system can change from
progressive folding mode to global bending mode. Thus, the temper
condition of the chosen longitudinal has significant effect on the crash
performance and energy absorption of the bumper beam-longitudinal
system. For a chosen impact velocity, Jensen (2005) found by numerical
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simulations of axially loaded aluminium extrusions a change in collapse
mode when the temper condition of AA6060 is changed from T6 to T4.

It is shown that test series C bumper beam-longitudinal systems obtained
the same deformation mode in the three parallel tests, see Section 5.3,
namely progressive folding in the impacted longitudinal. Moreover, the
propagating tearing and through-thickness shear cracks at the non-impacted
end of the bumper beam was not observed. The failure observed in the folds
of the impacted longitudinals was much less for test series C than for other
test series.

Test series D showed highly repetitive and robust performance at the
increased impact velocity. Comparison of test series A and D revealed that
the deformed end of the impacted longitudinal in test series D had some
rotation towards to the non-impacted end. Further, by increasing the impact
velocity test series D experienced less material failure compared to test
series A, see Figure 5-5 and Figure 5-23 the bending failure in the mid-
section of the bumper beam.

Based on the experimental results of bumper beam-longitudinal system at
40% offset it can be concluded that for a given amount of deformation, test
series A and D absorbed almost the same amount of energy for the same
amount of deformation which is higher than for test series B and C, see
Figure 5-28.

In 40% offset impacts the bumper beam undergoes considerable bending
due to the direct impact of the impactor and the energy absorption was
mainly concentrated in the impacted longitudinal only. The non-impacted
longitudinal, however, experienced only minor deformations in the form of
plastic hinges.
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In general it appears that the behaviour of the bumper beam-longitudinal
systems in the current study is dependent on the collapse mode of the
impacted longitudinal. For the entire test series the impacted longitudinal
collapsed progressively, except in test series B.
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Figure 5-28 Comparison of energy-deformation plots for the entire test
series.
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The objective of this chapter is to generate the FE-model of the bumper
beam as well as the test set-up as shown in Figure 1-2, in order to predict the
response of the bumper beam-longitudinal system.

As mentioned earlier, manufacturing of bumper beams from aluminium
extrusions often involves series of forming operations performed in a soft
condition (W-temper), which is obtained by soft solid-solution heat
treatment. Subsequently, the bumper beams are artificially age-hardened to
T6 peak hardness condition. Thus it is clear that for proper crash
performance of the systems the FE-model must rely upon the geometry
obtained from a simulation of process route, i.e. including simulation of all
major forming operations. Moreover, the forming operations also result in
an inhomogeneous evolution of some internal variables (among others the
effective plastic strain) within the shaped components, Lademo et al.
(2004c). Stretch-bending is a well-suited process, Clausen et al. (2000), for
the plastic forming of bumper beams. The intention here is to explain how
the numerical stretch-bending and other forming operations were performed
to obtain the shape of the bumper beam. The other forming operations
include trimming and reshaping of the holes.

The process of forming a component changes the properties of the material
being used. This is generally ignored in the design and validation process of
automotive structures even though the changes in material strength and
thickness may be substantial. Although the forming effects on the
performance of individual components have been reported in the literature
(Dutton et al., 1999; Reid, 1996; Kim et al., 2003; Bottcher and Frik, 2003;
Lee et al., 2001; Kim and Huh, 2003; Dagson, 2001), there are few papers
reporting the consequence of including formed properties in full vehicle
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models (Dutton et al., 2001; Cafolla et al., 2003). However, in the above
studies the component never undergoes the artificial ageing treatment as the
bumper beam in this study.

The accuracy of any simulation depends on how accurately the modelling
work has been carried out. The process route for the production of the
bumper beam from the straight extrusion to the final product is
demonstrated in more detail using the flow chart in Figure 6-1. At the end of
this flow chart an FE-model of the test set-up, see Figure 1-2, is generated.

Efforts were taken in constructing the numerical model of the bumper beam
as similar as possible to the reality. The bumper beam and all other
components in the system was modelled and meshed in order to make a
precise model using TrueGrid® pre-processor (2001). Thus, this chapter
basically deals with the modelling of the components of the bumper beam-
longitudinal system. The basis for modelling lies upon an analysis model
obtained from Hydro Aluminium Structures (HAST).

The same mesh size and constitutive model, see Section 2.3, is used for both
the forming and crash analyses. Anisotropy development due to pre-
stretching is not included in the model, but no experiments have been
performed to verify this assumption.

6.1 Geometry model of the test set-up

6.1.1 Stretch-bending of bumper beam

When studying the FE-analyses of stretch-bending of aluminium extrusions,
Hopperstad et al. (1998) found that the shape of yield surface has significant
influence on the local deformation pattern of the cross-section. Thus, in
order to predict a reliable final geometry of the bumper beam, the stretch-
bending and other forming operations in the present chapter were performed
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only with the user-defined material model (MAT-41) discussed in Chapter

2.
Stretch-Bending 1

dynain file
Springback Geometry
Analysis deck Check
Springback
Analysis

Geometry
Check

dynain file

Completion of crash
model (assembly of
longitudinals, fixtures,
interface plates,
loadcells and impactor)

dynain file

Crash analysis with history dependent

Reshaping hole material properties (aged condition) and
beam geometry from “dynain” file

dynain file

Springback
Analysis deck

Springback

Analysis

&

Figure 6-1 Flow chart showing the various operations in the development of
FE geometry model of the test set-up.
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From the flow chart shown in Figure 6-1 it is seen that the first operation is
stretch-bending of the bumper beam to the required curvature. Due to
symmetry of the bumper beam only a model of half of the process was
constructed. Various views of the bumper beam model are shown in Figure
6-2 for the input to the stretch-bending operation, while the FE-modelled
cross-section is compared with the original drawing in Figure 6-3. The
tooling used to perform the stretch-bending operation is shown in Figure 6-
4. As can be seen the tooling is shown in the absence of bumper beam; this
is done intentionally to avoid colour confusion between the bumper beam
and tooling parts.

The mandrel is inserted into the bumper beam through the cut-out on the left
end, which firmly fixes inside the bumper beam, and rotates about its own
centre-of-rotation. Rotation of the mandrel takes care of sagging on the
upper flange of the bumper beam at the cut-out section. The stretch-bending
operation initiated when the clamp started to move in x-direction i.e.
towards to the lower die. Initial and final positions of the stretch-bending
tools are shown in Figure 6-5(a) and (b), respectively. As mentioned, the
stretch-bending operation is usually performed in W-temper condition. The

(b)

Figure 6-2 Various views of the bumper beam; (a) Isometric View, (b) Top
View.
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Figure 6-3 Comparison of bumper beam cross-section: (a) original
dimensions, (b) FE-model.
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Figure 6-4 Tooling used for stretch-bending of bumper beam.
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W-temper properties of the bumper beam are given in Table 3-6. A solution
time of 0.1 s was chosen for the explicit analyses of the stretch-bending
operation.

The movements of the upper die, lower die and clamp are described by
cosine functions and are shown in Figure 6-6. The supporting plate was
fully-constrained so that it does not move or rotate through out the stretch-
bending operation. Movement of the clamp in x-direction was stopped when
it touched the upper flange of the bumper beam and the lower die, this
happened at 0.05 s.

(b)
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Figure 6-6 Displacement of the dies in stretch-bending of bumper beam (a)
z-rotation of lower die and clamp, (b) x-displacement of upper
die and clamp.
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As and when the clamp movement was stopped the lower die started
rotating about its pivot point, together with the stopped clamp, clearly seen
from Figure 6-6(a). At this time the upper die also started to move in x-
direction, see Figure 6-6(b). In the forming simulations care has been taken
such that there was no addition of kinetic energy.

Modelling aspects for the stretch-bending of the bumper beam and the
boundary conditions that are applied at the right end of the bumper beam,
see Figure 6-2(b), are listed in Table 6-1. The bumper beam obtained the
desired curvature when the rotation of the lower die was stopped.

Table 6-1 Modelling aspects for the stretch-bending of bumper beam.

Modelling aspects

Description

Bumper beam AA7108
Element type:
Integration points:
Hourglass control:
No. of elements
model:

Element size (approx.):
Stretch-bent length (half):

in half

Cross section geometry:
Material models:

Material strain-rate effects:

Geometrical imperfections:
Nodal constraints:

Total mass (half model)

Quadrilateral (Belytschko-Lin-Tsay shell) (default)
1 in-plane and 5 through-thickness

Stiffness form

9577

5.0x5.0 mm?

692.00 mm before stretch-bending

694.21 mm after stretch-bending

See Figure 6-2 and Figure 6-3

MAT-41 User-defined material model with W-temper
properties, see Table 3-6

Neglected

None

Forming:

Translation in y-direction is constrained at right end.
Rotations about x- and z- direction are constrained
2.264 kg

Tooling for stretch-bending

Element type:
Integration points:
Hourglass control:
No. of elements:

Element size (approx.):
Cross section geometry:
Material models:

Not applicable

Not applicable

Not applicable

Large number of elements are required to represent the
surfaces

Min. 3.5 mm and Max. 6 mm

See Figure 6-4

MAT-20 (rigid body)
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Nodal constraints: Lower die : x, y and z-displacements; x- and y- rotations
Upper die : y- and z- displacements; X, y and z- rotations
Clamp : y- and z-displacements; x- and y- rotations
Mandrel : X, y, and z-displacements; x- and y- rotations
Supporting plate : x, y, and z-displacements and

rotations
Contact
Bumper beam (S) Single surface, penalty based, friction coefficient 0.2
Clamp (M) — Bumper beam Automatic nodes to surface, penalty based, friction
upper flange (S) coefficient 0.2
Mandrel (M) — Bumper beam  Automatic nodes to surface, penalty based, friction
upper flange (S) coefficient 0.2
Mandrel (M) — Bumper beam Automatic nodes to surface, penalty based, friction
lower flange (S) coefficient 0.2
Lower die (M) — Bumper Automatic nodes to surface, penalty based, friction
beam lower flange (S) coefficient 0.2

S stands for slave set nodes and M for master set nodes

The bumper beam will have some residual stresses because of the stretch-
bending operation; these stresses will try to relax elastically, when the
stretch-bending tools are removed, to reach an equilibrium state. The elastic
recovery of stresses corresponds to an unloading phase; in general implicit
codes are more effective to represent this phase, see Mercer et al. (1995).
Hence, an implicit springback simulation was performed. The springback
analysis was performed on the dynain® file obtained at the end of stretch-
bending operation. It was observed from the simulation that there was a
shortening along the length of the bumper beam in the axial direction. The
axial-length of the bumper beam before and after springback analysis was
measured to be 694.88 and 694.21 mm, respectively. Figure 6-7 shows the
bumper beam geometry obtained after performing implicit springback
simulation. At the end of the implicit springback analysis a new dynain file
was created.

! Ls-DYNA optionally generates different types of output files. One of them is the dynain
file which can be used as an input file for the next process. The dynain file is a simple text
file including geometry, shell thickness, stresses and history variables.
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Section 6.1 Geometry model of the test set-up

6.1.2 Results from stretch-bending of bumper beam

The results from the stretch-bending operation indicating percentage
thickness reduction and effective plastic strains are shown in Figure 6-8 and
Figure 6-9, respectively. It is notable that the thickness reduction is mostly
limited to the thinning of the upper flange, Figure 6-8. Near by the cut-out
region of the upper flange there has been considerable amount of work-
hardening, as indicated by the plastic strain data, showing more than 5%
strain. The extreme left end of the bumper beam has undergone no straining
at all, Figure 6-9.

6.1.3 Trimming, reshaping and mirroring

The next operation in sequence as per the flow chart (Figure 6-1) is
trimming. The dynain file created at the end of the implicit springback
analysis is used as a basis and the trimming option of LS-DYNA (Hallquist,
2003) was used to trim holes on the upper flange of the bumper beam, by
defining three curves at the three specified locations. At the end of this
trimming operation a new dynain file was created that is carried further to
the next operation. The geometry of the bumper beam obtained after
trimming the holes is shown in Figure 6-10.

Following the sequence in Figure 6-1, the next operation is also trimming.
The material in white colour attached to the back face of bumper beam in
Figure 6-10, was trimmed away by using two trim curves. The earlier
dynain file was called while performing the present trimming operation and
the geometry of the bumper beam is shown in Figure 6-11.

B

Figure 6-7 Bumper beam geometry after springback analysis.
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Figure 6-8 Contours of percentage thickness reduction.

Figure 6-9 Contours of effective plastic strain.
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Figure 6-10 Bumper beam after trimming holes.
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The next operation according to Figure 6-1 is reshaping; the top hole, which
can be seen on the upper flange of the bumper beam, was reshaped using a
reshaping tool shown in Figure 6-12. Here also the expansion tool is shown
in the absence of bumper beam to avoid colour confusion.

The expansion tool (white colour) moves in the direction of the arrow and at
the same time the material around the top hole, i.e. on the side wall, of the
bumper beam was expanded Figure 6-10. After this operation again an
implicit springback analysis was performed on the last dynain file. The
expanded hole in the bumper beam after springback analysis is shown in
Figure 6-13.

i —

Figure 6-11 Bumper beam after trimming back face material.

Figure 6-12 Reshaping tool for the expansion of the side walls of the
bumper beam.

Figure 6-13 Geometry of the bumper beam after reshaping of the top hole.
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The stretch-bending and other trimming operations were performed only on
a half section of the bumper beam. The shift to a full bumper beam model
was performed by mirroring the first half that contained all the data as the
parent section. The full model of the bumper beam was obtained by
executing a purpose-built programme called mirror. When this was
executed a new file named new.k (which is also in the format of a dynain
file, but called with a different name) was created. This file was again called
upon when performing the rest of the trimming operations. The full bumper
beam after the mirroring operation is shown in Figure 6-14.

Following the flow chart, Figure 6-1, the next operations were trimming of
holes on the lower flange and a hole on the upper flange of the bumper
beam, respectively. These holes were trimmed by using trim curves at the
respective locations on the dynain file obtained at the end of the mirroring
operation. The complete geometry of the bumper beam is shown in Figure
6-15.

The obtained bumper beam only includes the thickness variations resulting
from the stretch-bending process. The cross-section of the rotary stretch-
bent bumper beam is shown in Figure 6-16. The outward flange (circled in
Figure 6-16), should ideally be bent perpendicularly i.e. 90° to the lower
flange of the bumper beam during the hole expansion process. However, the
analysis model failed to predict this event properly. It has been observed

Figure 6-15 Complete model of the bumper beam.
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from the experiments that this outward flange was not involved in the crash
process.

The geometry of the bumper beam obtained from numerical simulations was
able to represent the global behaviour satisfactorily with respect to the
cross-section and stretch-bent length. The full length of the stretch-bent
bumper beam measured on the test specimen was 1388 mm, while that
obtained from simulation was 1388.42 mm. No attempt was made to
measure the amount of springback during the unloading phase.

6.2 Modelling of system components

Modelling aspects for other components like the longitudinals, interface
plates, loadcells, fixtures and impactor used in the crash analysis are
summarised in Table 6-2. The interface plate is shown in Figure 6-19(a), in
which numbers from 1 through 4 represent the fastening locations. The
coordinates at these fastening locations are given in Figure 6-21.

Figure 6-16 Cross-section of the stretch bent bumper beam.

Table 6-2 Modelling aspects of components used in crash analysis.

Modelling Aspects Description

Longitudinal and HAZ

Element type: Quadrilateral, Belytschko-Lin-Tsay shell (default)
Integration points: 1 in-plane and 5 through-thickness
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Hourglass control:

No. of elements in full model:
Element size (approx.):
Effective extrusion length:
Cross section geometry:
Material models

Material strain-rate effects:
Geometrical imperfections:
Nodal constraints:

Total mass(full model):

Stiffness form

Longitudinal; 8448 , HAZ: 264

5.0x5.0 mm®

Longitudinal: 630 mm, HAZ width: 20 mm

See Figure 6-17 and Figure 4-2(b)

MAT-24, MAT-103 and MAT-41

Neglected

None

All degrees of freedom free — lower nodes are merged
with the fixture, upper nodes are merged with interface
plate

2 kg

Fixture and Loadcell (including bottom plate and bolts)

Element type:
Integration points:
Hourglass control:

Geometry:
Material models:

No. of elements in model:
Element size (approx.):

Material strain-rate effects:
Nodal constraints:

Total mass (full model):

Hexahedron brick (default)

1

Full Flanagan-Belytschko stiffness form with exact
volume integration

See Figure 6-18

MAT-3, (load cell and bolts) elastic-plastic, bilinear
kinematic hardening. 210000 MPa, tangential modulus
700 MPa, yield stress 600 Mpa, density 7850 kg/ m®,
Poisson’s ratio 0.33

MAT-20, (fixture bottom plate) rigid body

78016 — load cell, 1368 — bottom plate,

2784 — bolts, 414 — fixture

min: 1 mm, max: 5mm ( Load cell)

min: 5.1 mm, max: 100 mm (fixture)

Neglected

Fixture, Load cell and bolts: all degrees of freedom free
Bottom plate : all degrees of freedom are constrained
Load cell (including bottom plate and bolts): 48.378 kg
Fixture: 40 kg

Interface plate

Element type:

Integration points:

Hourglass control:

No. of elements in full model:
Element size (approx.):
Material models

Cross section geometry:
Material strain-rate effects:
Nodal constraints:

Total mass(full model):

Quadrilateral, Belytschko-Lin-Tsay shell (default)

1 in-plane and 5 through-thickness

Stiffness form of type 3

910

5.0x5.0 mm?

MAT-103

See Figure 6-19(a)

Neglected

All degrees of freedom free — lower nodes are merged
with HAZ

0.289 kg

Impactor

Element type:
Integration points:
No. of elements in full model:

Not applicable
Not applicable
1210
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Element size (approx.): min: 7.5 mm, max: 13.5mm

Material models: MAT-20, rigid body

Cross section geometry: See Figure 6-19(b)

Nodal constraints: All degrees of freedom are constrained, except the x-

direction translation degree is set free and all the nodes
have an initial impact velocity.
Total mass(full model): 794 kg

HAZ Longitudinal
Figure 6-17 Details of longitudinal and heat-affected zone (HAZ).

-«— Bottom plate

Fixture Loadcell Bolts

Figure 6-18 Loadcell together with fixture.

(@) (b)
Figure 6-19 (a) Interface plate, (b) Impactor.
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6.3 Assembly of test set-up

After performing the last trimming operation a new dynain file was created
that is used as a basis for the FE-model for the crash analysis. Two sets of
longitudinals, interface plates, fixtures and loadcells are required to connect
them on the back face of the bumper beam, so they are copied and called
with a different file name. All the components were assembled with respect
to the location of the stretch-bent bumper beam. Finally the impactor was
positioned carefully so that it did not penetrate into the bumper beam’s
upper flange. The FE-model of the test set-up after the assembly of all
components and ready for crash simulation is shown in Figure 6-20.

For the various contact conditions in the system, different types of contact
algorithms were employed, ensuring that minimum penetration of parts
occurred nor resulting in any numerical problems. The contact types
employed are summarised in Table 6-3.

Y s o,

~ N 3

Figure 6-20 FE-model of the bumper beam-longitudinal system.
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6.4 Modelling of connections

In the tests the bumper beam was connected to the longitudinals via the
interface plates using a bolted connection, whereas the longitudinals were
connected to the interface plate through MIG welding. The modelling of this
bolted connection is clearly shown in Figure 6-21. The connections used in
simulations are summarised in Table 6-4.

The interface plate and the longitudinal were connected by welding. Thus, it
was assumed that a part of the extruded longitudinal member was affected
by the heat due to welding. This part is usually called a heat-affected zone
and is denoted by HAZ see Figure 6-17.

Bjorneklett and Myhr (2003) used a local material design to initiate a
favourable buckling mode as a means of controlling the energy absorption
in a product during crash. It was showed that the yield stress can be reduced
over a very limited area. The borders between the areas with different yield
strength are relatively sharp. Bjerneklett and Myhr (2003) used a heat
induced trigger with a width of 20 mm situated a small distance below the
upper end of the extrusion. They found the heat induced trigger to function

Table 6-3 Modelling of contact in the crash analysis.

Modelling Aspects Description

Contact

Bumper beam (S) Automatic single surface, penalty based,
friction coefficient 0.2

Longitudinal and HAZ (S) Automatic single surface, penalty based,
friction coefficient 0.2

Impactor (M) — Bumper beam (S) Automatic nodes to surface, penalty based,
friction coefficient 0.6

Interface plate (M) — Bumper beam (S) Automatic nodes to surface, penalty based,
friction coefficient 0.0

Interface plate (M) — Longitudinal (S) Automatic surface to surface, penalty

based, friction coefficient 0.0
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well, as the deformation was initiated at the location of the heat trigger.

Thus, in the present study the HAZ length was modelled with a length of 20
mm, as in the work of Bjarneklett and Myhr (2003). The reduced true stress-

Table 6-4 Modelling of connection in the crash analysis.

Modelling Aspects Description

Connection

Bumper beam and interface Bolt connection was used between the bumper beam
plate upper flange and interface plate in the test. In the

numerical simulations this was done as follows; in each
bolting position, four elements are made as rigid in
bumper beam and in the interface plate. The same rigid
material is used for both bumper beam and interface
plate elements for the same bolt, but different rigid
material in the different bolt locations, so that the
different bolts are not connected to each other, see

Figure 6-21.
Longitudinal and interface The nodes in the HAZ of the longitudinal were merged
plate with the nodes of interface plate.

Coordinates at the fastening locations

pper outer bolt: Y:-638.3 Z:1257.!
2. Lower outer bolt: : Z:1161.7
3. Lower inner bolt: Y: -510 :1161.7
4. Upper inner bolt: Y:-510.1 Z: 1T5%:

Figure 6-21 Modelling of bolted connection between the bumper beam back
face and the interface plate.
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strain curve used for the HAZ is shown in Figure 6-22. This is the same as
that used to represent the base material (longitudinal) but with 30% shift in
the true stress-strain curve according to Eurocode 9 (2004) specifications.
The HAZ modelled here represents a thermal trigger as in the work of
Bjarneklett and Myhr (2003).

As will be seen in Section 8.1.2.1, in the absence of proper modelling of the
HAZ the deformation increases while the mean force (and thus energy
absorption rate) of the bumper beam-longitudinal system decreases.

6.5 Summary

Many experimental and simulation results have already been published for
the forming of bumper beams using variety of bending techniques. For
example, Welo (1996) provides an overview of different relevant bending
processes such as rotation bending, press bending and stretch-bending.

A priori it is known that a geometry obtained from forming simulation, and
not from idealised CAD drawings, is a pre-requisite for accurate crash

|
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300 —

HAZ
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Figure 6-22 Stress-strain curves used in the base material and HAZ.
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prediction of these bumper beam systems. To achieve a bumper beam with
geometric variations due to the forming operations, here numerical
simulations of all the forming operations were performed to obtain a rotary
stretch-bent bumper beam with the aid of the flow-chart. The obtained
geometry was able to represent the global behaviour of the bumper beam
satisfactorily with respect to the cross-section and stretch-bent length.
However, no attempt was made to measure the amount of springback during
the unloading phase.

Modelling of other components which are used in the crash analysis for
example, longitudinals, loadcells, etc., has been carried out with care. Also
care has been taken in modelling the test set-up of FE-model, such that there
would not be any numerical robustness problems in the crash analysis.
However, the development of a numerically robust model is always critical
and time consuming.
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Chapter 7 Full-scale Simulations of Bumper

Beam-Longitudinal Systems

The need for computer crash simulations with high degrees of fidelity and
robustness is becoming increasingly important for use in parametric studies
and early design analysis. The numerical simulations also enable new design
concepts to be evaluated where there is a need to establish an optimum
design with interaction between materials and structural forms. The main
objective of this chapter is to investigate the ability of the non-linear FE-
code LS-DYNA (Hallquist, 2003) to predict the response of the bumper
beam-longitudinal system. The main focus is placed on accurate prediction
of the observed system behaviour with respect to force-deformation
characteristics and fracture modes.

The impact tests presented in Chapter 5 show that the energy absorption of
the bumper beam-longitudinal system decreases with decreasing yield
strength of the longitudinals. Furthermore, the energy absorption was found
to depend on the temper condition (and thus strain-hardening of the
material) and the collapse mode of the longitudinal being used.

The effect of sampling frequency on the simulation results is presented in
Section 7.2. For a selected bumper beam-longitudinal system the crash
response is predicted using the material models that are most widely used in
the industry (MAT-24 and MAT-103 (Hallquist, 1998)) and the current
user-defined material model (MAT-41) are compared directly with the
experimental results in Section 7.3. As will be seen, there is some influence
of the material model, and thus the choice of yield criterion.

Simulations were performed following the sequence of the presentation of
the experimental results in Chapter 5, i.e. test series A, B, C and D. For each
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test series the simulation results are compared with the experimental results
in Sections 7.4 through 7.7. The numerical simulations aid(s) in
understanding the energy absorption process. The amount of energy
mitigated through different parts of the bumper beam-longitudinal system is
presented in Section 7.8. All the crash analyses were, however, based upon
the geometry of the bumper beam obtained from the forming simulations,
see Section 6.1. Furthermore, no strain-rate effects were taken in to
consideration in this chapter. The strain-rate effects as well as process
effects on material properties are studied separately in Chapter 8.

7.1 Explicit simulations

Only explicit crash simulations were performed in this study. However,
implicit dynamic simulations of the bumper beam-longitudinal system can
also be performed but the convergence becomes critical due to the number
of contact definitions, which requires lot of simulation time (Kokkula et al.,
2003). The simulations were performed on a single Linux processor. LS-
DYNA uses a central difference operator for time integration, requiring a
limitation on the time-step size. To obtain numerical stability during the
crash simulations, the time-step size is typically in the order of one
microsecond. All the simulations were executed with a variable time-step. It
is also possible to execute the simulations with a fixed time-step, which
generally has the potential of yielding large errors in analyses including
inertia effect. For the present bumper beam-longitudinal system in Figure 6-
20, the loadcells are also modelled. Because of the fine mesh in the loadcells
the time-step size is often controlled by these elements and thus an initial
time-step size of 0.168 microseconds was generated by LS-DYNA. The
numerical model has a variety of complex contact conditions which are
modelled using different contact algorithms (Table 6-3) based on the
penalty method to avoid penetrations of structural parts during the crash
process.
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7.2 Effect of sampling frequency

There can be danger for the loss of important physical information in the
numerical simulations (as in the experiments), when sampling is performed
with low frequency. To study the effect of sampling frequency on the
simulation results of such large-scale systems, two simulations were
performed with two sampling frequencies i.e. 500 and 4 kHz. The sampling
frequency of 500 kHz corresponds to the one used for sampling in the
experiments, see Section 4.4.1. The force-time curves obtained using these
two frequencies are shown in Figure 7-1. The force-time signal at low
frequency (4 kHz) follows the other frequency (500 kHz) without any
significant loss of information. Based on this it was decided to use 4 kHz as
the sampling frequency in all the simulations.

7.3 Influence of yield criterion

In order to check the influence of the choice of yield criterion, simulations
were performed with the most widely used industrial material models in LS-

| |
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b in simulations r
500 kHz

160 4kHz
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Figure 7-1 Effect of sampling frequency in simulations.
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DYNA as well as the user-defined material model (MAT-41) presented in
Chapter 2. In this section, the predicted numerical results for the bumper
beam-longitudinal system when using MAT-24, MAT-103, MAT-41 and
MAT-41(CFS*) models are presented. The difference between the analyses
denoted with MAT-41 and MAT-41(CFS¥*) is that the former analyses are
run without an activated fracture criterion and the latter are run with critical
thickness strain fracture criterion, see Section 2.3.4.1. It is possible to use a
fracture criterion in MAT-24 based on the effective plastic strain (Hallquist,
2003). However, no attempt is made to use this fracture criterion in
connection with MAT-24. Further, when using MAT-103 the abilities of
representing the planar anisotropy using the quadratic yield criterion was
not exploited. Moreover, all the simulations in this section were run for test
series A, i.e. longitudinals out of the AA7003-T79 material and at 10 m/s
impact velocity.

The force-deformation curves are filtered like the test results using the same
low-pass filter with a cut-off frequency. The force-deformation and mean
force-deformation plots in Figure 7-2 clearly depict that the response of the
bumper beam-longitudinal system predicted by MAT-24 and MAT-103

Mean 120
Force
[kN]

Force
[kN]

80 —

Contact Force 40— // Mean Force *
Tests A1-A5 Tests A1-A5

0 100 200 300 400 500 0 100 200 300 400 500
Deformation [mm] Deformation [mm]
(a) (b)

Figure 7-2 Comparison of (a) force-deformation and (b) mean force-
deformation plots from the tests and simulation results with
different material models for series A system.
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material models is slightly “stiffer” than what is predicted by MAT-41 and
MAT-41(CFS¥*).

As mentioned earlier, the main difference between MAT-24 and MAT-103
is the hardening curve representation; in the former model the measured true
stress-stain values was used, while in the latter the measured values were
fitted with a five parameter Voce strain-hardening rule (Equation (2.22)).
Obviously this can over-predict the energy that can be dissipated, since
actual materials will fail at some deformation. As will be seen latter in this
section, material models MAT-24 and MAT-103 over-predict the energy
absorption, due to lack of fracture criterion.

The behaviour of the bumper beam-longitudinal system predicted by MAT-
41 is similar to that predicted by MAT-24 and MAT-103, but with an
increased amount of permanent deformation. The increase in the predicted
permanent deformation is due to the consideration of anisotropy in the yield
criterion. Further, when the CFS* fracture criterion is considered in MAT-
41, the predicted behaviour of the system is slightly improved compared to
the one without fracture criterion. The deformation in the system is mainly
controlled by collapse of the bumper beam cross-section and buckling of the
impacted longitudinal. After the buckling load has been reached, the plastic
deformation in the buckles increases rapidly. As the buckles develop further
fracture occurs and at some stage some elements are deleted. Thus, the
amount of deformation in the system is increased.

The permanent deformation of the bumper beam-longitudinal system in the
tests varied from 412 to 440 mm with nine fully developed lobes in the
impacted longitudinal, see Figure 5-5(a). The highest deformation was
observed for test specimen Al. The predicted permanent deformation,
energy absorption, number of lobes developed and the CPU time consumed
for running the simulation when using different material models are given in
Table 7-1. The number of lobes developed in the impacted longitudinal in
the simulations when using different material models is compared to the one
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observed in the experimental tests in Figure 7-3. As seen the number of
lobes developed in the impacted longitudinal was three shorter with MAT-
24 and MAT-103 models, whereas it was two shorter with MAT-41. The
development of lobes depend on the initiation of the buckling pattern in the
longitudinal, this is explained more detail in Section 7.4.2. However, the
lobes developed with MAT-41 were rather of a mixed mode than
progressive mode as observed in the tests. The under-prediction of lobes in
the simulations may be due to the mesh size and also the lack of modelling
the initial imperfections in the extruded member. Table 7-1 show that the
predicted permanent deformation when using MAT-24 is 10 mm less than
that predicted by MAT-41(CFS*), while the permanent deformation
predicted by MAT-103 is almost the same as that of MAT-24. This shows
that the impact energy is absorbed completely over a shorter deformation of
the impacted longitudinal. However, when using MAT-41 with and without
a fracture criterion the difference in maximum permanent deformation is
only 5 mm. The increase in permanent deformation when using MAT-
41(CFS*) is due to the removal of seventeen elements in the bumper beam.

The impacted longitudinal started to buckle at its clamped end when using
MAT-41, this can be clearly seen in Figure 7-3. However, no such buckle
was observed in the tests. From the second column in Table 7-1 it is also
clear that the impactor has highest displacement when using MAT-41 with
critical thickness strain fracture criterion (CFS*). Furthermore, one should

Table 7-1 Predicted permanent deformation, energy absorption and number
of lobes from simulations when using different material models
for test series A.

Permanent Number of CPU time
Material model deformation  Energy absorbed lobes consumption
(mm) (kJ) (Hrs)
MAT-24 395 38.32 6 53
MAT-103 400 38.38 6 54
MAT-41 400 38.17 7 74
MAT-41(CFS*) 405 38.01 7 77
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also remember that the nodes between the longitudinal and the fixture
(modelled as a rigid-body, see Table 6-2) were merged in the FE-model. In
the tests the longitudinals were fixed inside a rectangular slot in the fixture,
using a sliding block mechanism, see Figure 4-4.

The CPU time consumed for running the bumper beam-longitudinal system
simulation with MAT-41 is more than that used by the MAT-24 and MAT-
103 material models. The amount of time consumed for completing a
simulation depends on physical time of the event and the time-step size used
in the analysis. Further, the computational time is affected both by the
element size and number of elements. However, the implementation of a
particular material model in LS-DYNA also plays a significant role on the
time consumption. The increase in computational time when using MAT-41
is due to the complex nature of the yield criterion, see Section 2.3.3, and
also the use of a fracture criterion.

Another important observation is the energy absorbed by different
components in the bumper beam-longitudinal system. This is easily

Figure 7-3 Development of lobes in the impacted longitudinal in simulations
and test.
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obtained from the simulations by observing the internal energy in the
different materials. Table 7-2 shows the percentage of energy absorbed by
different components in the bumper beam-longitudinal system when using
different material models. This data is also important for determining the
importance of the respective components to the fidelity of the overall
simulation. From Table 7-2 it is clear that the energy absorbed by the
impacted longitudinal varied between 75.07% and 76.03% of the total
energy absorbed.

For the same amount of deformation the predicted energy absorption using
the current material models is higher than that from tests, Figure 7-2. The
predicted mean force is close to the tests when using the user-defined
material model, the permanent deformation predicted, however, is slightly
higher than that of MAT-24 and MAT-103. From the above discussion it is
clear that there is some influence of the chosen material model, and thus the
yield criterion, on the predicted behaviour of the bumper beam-longitudinal

Table 7-2 Material internal energy for test series A with different material

models.
MAT-24 MAT-103 MAT-41 MAT-41(CFS*)
Part Internal  Percen- Internal Percen- Internal Percen- Internal Percen-
energy tage energy tage energy tage energy tage
(kJ) (%) (kJ) (%) (kJ) (%) (kJ) (%)
Total 38.32 100 38.38 100 38.17 100 38.01 100
system
Bumper 730 1905 724 1886 725  18.99 6.9 18.11
beam
Impacted 5027 7507 2888 7525 2868 7513 2896  76.03
longitudinal
Non-

impacted 0.77 2.00 0.78 2.03 0.78 2.04 0.82 2.15
longitudinal

Impacted

interface 1.02 2.66 1.03 2.68 1.01 2.65 0.98 2.57
plate
Non-

impacted

interface
plate

0.43 1.12 0.43 1.12 0.43 1.13 0.40 1.05
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system. In this section, however, only overall predicted behaviour of test
series A is compared. A more detailed analysis of test series A with respect
to force-deformation characteristics and deformation shape is discussed in
the following.

7.4 Simulation of test series A
7.4.1 Force-deformation comparison: tests and simulations

The bumper beam-longitudinal system obtained maximum permanent
deformation when the impactor was stopped, i.e. when all the impact energy
was absorbed. In the simulations the impact energy is converted to plastic
work by bending and stretching of the bumper beam as well as crushing the
longitudinal at the impacted end and also bending of the non-impacted
longitudinal. This is similar to that observed in the experiments. In the
initial stage of crushing, the active longitudinal members locally squeezes
and the stretch-bent bumper beam starts to flatten so that the upper and
lower flanges of the bumper beam will experience compression and tension,
respectively. The contact force (between the impactor and the bumper
beam) versus displacement of the impactor from experiments and
simulations are plotted in Figure 7-2(a). The corresponding mean force-
versus-deformation curves are shown in Figure 7-2(b).

From the force-deformation curves, Figure 7-2(a) several crash events can
be identified. The force level in the initial stages of crushing corresponds to
the collapse of the bumper beam cross-section. After the collapse of the
bumper beam cross-section at the impacted end, the force level is governed
by the initiation of the folding mechanism in the impacted longitudinal. It
transpires from Figure 7-2(a) that an initial high peak force was predicted
for the first buckle formation in the impacted longitudinal. The reason for
this peak may be that the assumed length and mechanical properties of the
HAZ are not sufficiently close to the reality. In the tests the first buckle
developed well within the HAZ and required a force of about 100 kN. In
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this case the next (i.e. highest) peak in tests was due to the development of a
second buckle in the impacted longitudinal.

The force level dropped after reaching the maximum peak at a deformation
of 100 mm in the simulations, Figure 7-2. At this deformation the first
buckle development completed in the impacted longitudinal.

The asymmetric loading conditions and also the connection between the
bumper beam and the longitudinals made the bumper beam to stretch in the
axial direction. As the loading at the impacted end increased, the bumper
beam curvature changed significantly and stretched the non-impacted
longitudinal considerably. Hence, bending of the non-impacted longitudinal
occurred with the formation of a plastic hinge (local buckle) at its clamped
end. As the crash event progressed the impacted longitudinal folded
(deformed) by absorbing the rest of the impact energy.

7.4.2 Deformation shape

The fidelity and accuracy of the simulations can be studied in several ways.
Firstly, the general deformations at the impact regions were compared
visually to the images captured with the high speed camera. Secondly the
permanent deformations were compared. A sequence of deformation shapes
obtained from the numerical simulation when using MAT-41(CFS*) is
shown in Figure 7-4. The selected times are denoted with dots on the force-
time curve in Figure 7-5.

The impact event started at time t; = 0. By the end of time t, the bumper
beam cross-section at the impacted end collapsed and simultaneously the
development of a plastic hinge in the mid-section of the bumper beam
started. The state at time t3 was selected because it represented the stage at
which the first buckle developed in the impacted longitudinal at the
interface of HAZ and base material. A close view of the first buckle in the
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t;=0ms t,=8.6 ms

t3=11.5ms t,=27.8ms
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Figure 7-4 A sequence of deformation shapes from the simulation for test
series A with MAT-41(CFS¥*).
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Figure 7-5 Force-time curve from simulation — showing the selected times
in Figure 7-4 for test series A.
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impacted longitudinal is shown in Figure 7-6(a). The figure clearly shows
that an asymmetric folding mode (usually called as an extensional mode)
developed as the first buckle, since the two adjacent walls of the impacted
longitudinal buckled inwardly. However, in the tests an axisymmetric
folding mode is observed for the first buckle. At time t; the elements at the
non-impacted end of the bumper beam started to erode, to represent the
propagating tearing crack at the intersection between the lower flange and
the web. The crack is clearly shown in Figure 7-6(b) with a circle. Note the
significant curvature of the non-impacted longitudinal, fifth image in Figure
7-4, as it is being stretched by the bumper beam. It is evident that this
loading caused the development of a local plastic hinge in the non-impacted
longitudinal at its clamped end prior to time ts. The last image at time tg
represented the stage at which much of the plastic deformation occurred in
the bumper beam-longitudinal system.

Deformation shapes from the simulation and the experiments are compared
in Figure 7-7. It is clear from Figure 7-7(a) that the non-impacted
longitudinal in the simulations had a more dominant local buckle near by its
clamped end than in the tests. The probable reason, as mentioned earlier, is
the merging of nodes between the longitudinal and the fixture. The bending
failure in the mid-section of the bumper beam is compared in Figure 7-7(b),
and is poorly predicted in the simulations. In Figure 7-7(c), it is seen that

- Bumper beam

(b)

Figure 7-6 (a) Close view of the first buckle developed in the impacted
longitudinal at time t; = 11.5 ms and (b) start of element deletion
at the intersection between the lower flange and the web at t; =
27.8 ms.
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neither the through-thickness shear crack at the cut-out region of the non-
impacted end of the bumper beam is predicted in the simulation. Further, the
propagating tearing crack at the intersection between the lower flange and
the web is poorly predicted.

From the post-crash test specimens of test series A, a considerable number
of failure zones have been observed in the folds of the impacted
longitudinal. A direct view of the geometry does not reveal direct erosion of
any element in the same zones. However, element deletion occurs only
when the three through-thickness (see Table 6-2) integration points reaches
the fracture criterion.

(b)

Figure 7-7 Comparison of permanent deformation shapes of test specimen
Al and that obtained from simulation with MAT-41 (CFS*).
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The elements that reached the fracture criterion in different through-
thickness integration points for the impacted longitudinal are shown in
Figure 7-8. Be aware that in the figure the deformation is greatly reduced to
show the elements. Further, the HAZ is not included in the figure. If one
considers that the first integration point belongs to the outer layer then the
fifth integration point represents the inner layer of the element or vice-versa.
The elements in which the integration point reached the fracture criterion
are denoted by light colour (red). Thus, the surface cracks which are
observed in the folds of the impacted longitudinal can aptly be represented
by these failed integration points. However, in none of the elements the
third through-thickness integration point reached the fracture criterion and
hence no element was deleted.

Outer layer Middle layer Inner layer

Figure 7-8 Elements that reached the critical thickness strain fracture
criterion (CFS*) in the impacted longitudinal for each
integration point for test series A in the simulation.
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The bending failure in the folded elements of the bumper beam in the
simulations is shown in Figure 7-9. The elements in light colour (red)
represent the integration points that reached the critical thickness strain
fracture criterion. As in the impacted longitudinal, only two integration
points reached the fracture criterion and thus no elements were removed.

None of the integration point in the elements near by the cut-out region
reached the fracture criterion to represent the through-thickness shear crack
at the non-impacted end of the bumper beam, see Figure 7-7(c). Thus, no
integration point data is presented from this region.

7.5 Simulation of test series B
7.5.1 Force-deformation comparison: tests and simulations

The experiments of test series B resulted in significantly different
deformation modes than for test series A. Transition from progressive
buckling to a global bending mode was observed in the impacted
longitudinal for test specimens B1 and B3, whereas a progressive folding
mode was observed for test specimen B2.

Simulations were performed only with the user-defined material model with
and without the CFS* fracture criterion. As with test series A, a 30% shift

Outer layer Middle layer Inner layer

Figure 7-9 Elements that reached the critical thickness strain fracture
criterion (CFS*) in the bumper beam for each integration point
for test series A in simulation.
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(decrease) in the true stress-strain curve, Figure 6-22, of the base material
was used to model the HAZ. In the experiments it was observed that the
crashboxes on the reaction wall were activated. The activation was mainly
due to the unacceptable failure modes in the impacted longitudinal.
However, the simulations were run up to the termination time at which the
impactor velocity became zero.

The force-deformation and mean force-deformation curves obtained from
the numerical simulations, with and without a failure criterion, are plotted
against the test results in Figure 7-10. During the initial stages of the
crushing process, i.e. the collapse of the bumper beam cross-section and
initiation of buckling in the impacted longitudinal, the force-deformation
curves from the simulations followed the experimental curves of test
specimens B1 and B2. This corresponds to a deformation of 100 mm, see
Figure 7-10(a). However, the peak force predicted in the numerical
simulations was much higher than that of the tests, and is related to the
development of the first buckle in the impacted longitudinal.
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Figure 7-10 Comparison of (a) force-deformation and (b) mean force-
deformation plots from the tests and simulation results for test
series B.
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In test specimen B1 the first buckle in the impacted longitudinal developed
in the mid-section of the extruded member and acted as a hinge. Next, the
deformed end of impacted longitudinal started to rotate about this hinge and
as a consequence the force level dropped at about 150 mm deformation
(Figure 7-10(a)). Further crushing of the impacted longitudinal caused a rise
in the force level as new buckles were created on both sides of the hinge.

In the simulations a progressive folding mode developed in the impacted
longitudinal. One can easily note this from the oscillations of curves around
a mean value, after the maximum peak in the force-deformation curves
Figure 7-10(a). The figure clearly depict that the simulations terminated at a
deformation of about 400 mm. At this deformation the impact energy was
absorbed by the bumper beam-longitudinal system. This indicates that if the
unacceptable failure in the impacted longitudinal had not prevailed, the
longitudinal might have deformed progressively up to the deformation
predicted in the simulations (i.e. 400 mm). From the mean force-
deformation curves in Figure 7-10(b), one can note that there is no
difference between the simulation results with and without a fracture
criterion. However, the predicted mean force is significantly higher than in
the tests.

7.5.2 Deformation shape

A snap-shot sequence of deformation shapes from the numerical simulation
for test series B is shown in Figure 7-11. The selected times are denoted
with dots on the corresponding force-time curve in Figure 7-12. The
selected times here are the same as that selected for test series A in Figure 7-
4, except for time t,.

The impact process initiated at time t; = 0. The bumper beam cross-section
collapsed at the impacted end by time t, and simultaneously the
development of a plastic hinge in the mid-section of the bumper beam
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Figure 7-11 A sequence of deformation shapes from the simulation for test
series B with MAT-41(CFS*) model.
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Figure 7-12 Force-time curve from simulation — showing the selected times
in Figure 7-11 for test series B.
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started. Time t3 represented the stage at which the first buckle developed in
the impacted longitudinal at the interface of HAZ and base material. A close
view of this first buckle in the impacted longitudinal is shown in Figure 7-
13(a). The figure clearly shows that the first buckle developed was
asymmetric. At time t, the elements at the non-impacted end of the bumper
beam were eroded to represent the propagating tearing crack at the
intersection between the lower flange and the web. This crack is clearly
shown in Figure 7-13(b) with a circle. A local plastic hinge developed in the
clamped end of the non-impacted longitudinal prior to time ts. The last
image at time ts represents the stage at which the velocity of the impactor
has become zero.

No attempt is made here to compare the experimental images and
numerically predicted deformation modes as in test series A, Figure 7-7.
This is because the numerical simulations failed to predict the deformation
and fracture modes observed in the experimental tests.

7.6 Simulation of test series C

Simulations were performed only with the user-defined material model,
with and without a fracture criterion (CFS*). Experiments of test series C

Longitudinal

(b)

Figure 7-13 (a) Close view of the first buckle developed in the impacted
longitudinal at time t; = 11.5 ms and (b) start of element deletion
at the intersection between the lower flange and the web at t; =
26 ms.
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revealed that the bumper beams in this series were not completely crushed,
as the longitudinals had less strength than in test series A and B.
Consequently, absorbed energy was much lower. From the high-speed video
recordings it was observed that the crashboxes on the reaction wall were
activated in all the three parallels. To represent this activation in the
numerical simulations, the key word *TERMINATION_BODY available in
LS-DYNA (Hallquist, 2003) was used. With the use of this keyword the
impactor was stopped at the desired displacement.

7.6.1 Force-deformation comparison: tests and simulations

When performing the simulations of test series C, the HAZ as shown in
Figure 6-20 was not modelled. It was observed from the simulations that
when the HAZ was modelled (as in test series A and B) the bumper beam-
longitudinal system ran into a global buckling mode. Hence, the HAZ was
avoided to obtain the stable behaviour as in the tests. The force-deformation
and mean force-deformation curves from the experiments and simulations
with and without the fracture criterion are shown in Figure 7-14.

As with the tests, the longitudinal at the impacted end started to buckle
before the complete collapse of the bumper beam cross-section. With the
increase in force the web of the bumper beam buckled outwardly at the
impacted end and simultaneously a plastic hinge developed in its mid-
section. This can be noted from the first peak in the force-deformation plots,
Figure 7-14(a), at a deformation of about 50 mm. A progressive folding
mode developed in the impacted longitudinal with further increase in the
impact force. The oscillations in the force-deformation plots around the
mean value are due to the formation of new lobes in the impacted
longitudinal.

The mean force-deformation plots in Figure 7-14(b) clearly show that there
was no difference between the curves obtained from simulations with and
without fracture, but the predicted mean force level was somewhat too low.
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The lower mean force level recorded in the simulations may be due to
strain-rate effects that have been ignored. The strain-rate effects in test
series C is studied as a sensitivity parameter in Section 8.2. As will be seen
the predicted mean force level was close to the experiments when the strain-
rate effects are considered in the simulations. In the experiments it was
observed that there were no significant fracture events in the bumper beam-
longitudinal systems in accordance with the simulations. Thus the predicted
curves with and without fracture criterion are on top of each other.

7.6.2 Deformation shape

Some snap-shots of various stages of deformation shapes obtained from the
numerical simulation of test series C are shown in Figure 7-15. The
corresponding force-time curve is plotted in Figure 7-16 with the selected
times. The impact event started at time t; = 0. Without considerable collapse
of the bumper beam cross-section, buckling initiation in the impacted
longitudinal took place before the time t,. At time t3 the web of the bumper
beam buckled and simultaneously a plastic hinge developed in the mid-
section of bumper beam. Due to the stretching caused by the bumper beam a
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Figure 7-14 Comparison of (a) force-deformation and (b) mean force-
deformation plots from the tests and simulation results for test
series C.

-An experimental and numerical study- 175



Chapter 7 Full-scale Simulations of Bumper Beam-Longitudinal Systems

t1=0mS t,=5.7ms

t3=9.5ms t4=28 ms

t5= 36.5ms o te=58.5ms

Figure 7-15 A sequence of deformation shapes from the simulation for test
series C with MAT- 41(CFS*) model.
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Figure 7-16 Force-time curve from simulation — showing the selected times
in Figure 7-15 for test series C.
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local plastic hinge started to develop in the non-impacted longitudinal at
time t;. At time ts the upper end of the non-impacted longitudinal started to
rotate about the plastic hinge that developed at time t4. Another plastic hinge
started to develop at the clamped end of the non-impacted longitudinal at
time ts. The simulation terminated at about 61 ms by the time the impactor
reached the given *TERMINATION_BODY condition.

Deformation shapes from the numerical simulation and experimental images
are compared in Figure 7-17. As can be seen in Figure 7-17(a), the non-
impacted longitudinal in the numerical simulations had a more dominant
buckle than in the tests. Moreover, in the tests the upper hinge was
developed close to the interface plate, and in the simulation it was predicted
far away from the interface plate. This kind of over-prediction of buckling
in the simulations may be attributed to the lack of modelling initial
imperfections in the extruded member but also be attributed to the HAZ in
the experiments. Progressive folds in the impacted longitudinal are
compared in Figure 7-17(b). The number of lobes developed in the
simulation and test are the same. However, the rupture in the folded
compression flange and the webs of the bumper beam is poorly predicted in
the simulations, Figure 7-17(c), although some integration points in the
elements reached the fracture criterion.

7.7 Simulation of test series D

Results for the bumper beam-longitudinal systems at increased impact
velocity i.e. test series D (Table 4-1) is presented below. As with the other
series; the simulations of test series D were performed with the user-defined
material model, with and without the CFS* fracture criterion. Experiments
on test series D revealed that the trolley activated the crashboxes on the
reaction wall. The simulations of test series D were run up to the permanent
deformation measured on the test specimens, i.e. 491 mm. Thus, the
simulation terminated when the impactor reached the above displacement
value using the keyword *TERMINATION_BODY.
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7.7.1 Force-deformation comparison: tests and simulations

Force-deformation curves from the experiments and simulations are plotted
in Figure 7-18(a), while the mean force-deformation plots are shown in
Figure 7-18(b).

Figure 7-17 Comparison of permanent deformation shapes of test specimen
C1 and that obtained from simulations with MAT-41 (CFS*)
model.
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In the simulations the bumper beam cross-section collapsed at the impacted
end before the initiation of longitudinal buckling. From Figure 7-18(a) one
can observe that the force-deformation curves obtained from the simulations
deviate from the experimental curves before 100 mm deformation. The
collapse of the bumper beam cross-section is accompanied by the bending
of the interface plate and the observed difference might be due to different
attributes of this plate. The peak force seen in the force-deformation plots
corresponds to the buckling initiation in the impacted longitudinal.
Compared to the tests this peak force is much higher in the simulations.
Regarding these matters the discussion in Section 7.4.1 is still valid.

The plastic hinge in the mid-section of the bumper beam developed before
the buckle in the impacted longitudinal. In further accordance with the
experiments a progressive folding mode of the impacted longitudinal was
observed. Figure 7-18(b) clearly depict that the predicted mean force level
in the simulations too high. This is mainly due to the higher initial peak
load.
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Figure 7-18 Comparison of (a) force-deformation and (b) mean force-
deformation plots from the tests and simulation results for test
series D.
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7.7.2 Deformation shape

Snap-shots at various stages of the deformation process obtained from the
numerical simulations for test series D are shown in Figure 7-19. The
selected times are denoted with dots on the corresponding force-time curve
in Figure 7-20. The impact event started at time t; = 0. By the end of time t,
the bumper beam cross-section at the impacted end collapsed and
simultaneously the development of a plastic hinge in the mid-section of the
bumper beam started. At time t; the first buckle developed in the impacted
longitudinal (at the interface of HAZ and base material). A close view of
this first buckle in the impacted longitudinal is shown in Figure 7-21(a).
This figure clearly shows the initial asymmetric folding mode developed.
This is not in agreement with the tests where an axisymmetric folding mode
was observed. At time t; the elements at the non-impacted end of the
bumper beam were eroded. The crack is clearly shown in Figure 7-21(b)
with a circle. A local plastic hinge in the non-impacted longitudinal
developed at its clamped end prior to time ts. The simulation stopped at time
ts as the impactor reached the termination displacement specified on the
*TERMINATION_BODY keyword card. Thus, the impact events of test
series D and A follow each other, but at different times due to different
impact velocity.

The final deformed shapes from the numerical simulation and experiments
are compared in Figure 7-22. In Figure 7-22(a), the overall deformation
mode of the bumper beam-longitudinal system is compared. As can be seen,
the local plastic hinge developed at the clamped end of the non-impacted
longitudinal is more consistent with the experiments compared to the other
test series simulations (i.e. test series A, B and C). The crushed bumper
beam at the impacted end and the progressive folding mode in the impacted
longitudinal is compared in Figure 7-22(b). In the simulations also the
deformed end of the impacted longitudinal has some rotation towards the
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ti=0ms t=5.7ms

t3=7.6ms t,=18.2ms
| | [ | i 'L!
ts=21ms ts=38.7ms

Figure 7-19 A sequence of deformation shapes from the simulation for test
series D with MAT-41(CFS*) model.
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Figure 7-20 Force-time curve form simulation — showing the selected times
in Figure 7-19 for test series D.
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.~ Bumper beam
satHAZ

Longitudinal

(@ (b)

Figure 7-21 (a) Close view of the first buckle developed in the impacted
longitudinal at time t3 = 7.6 ms and (b) start of element deletion
at the intersection of the lower flange and the web t; = 18.2 ms.

(d)

Figure 7-22 Comparison of permanent deformation shapes of test specimen
D1 and that obtained from simulations with MAT- 41(CFS¥*)
model.
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non-impacted longitudinal as in the test. The number of lobes developed
was two shorter in the simulations (eight) compared to the tests (ten).

The failure in the folded compression flange and webs of the bumper beam
was poorly predicted, Figure 7-22(c), although some integration points
reached the fracture criterion. The numerical simulation failed to predict the
through-thickness shear crack at the cut-out region of the non-impacted end
of the bumper beam.

7.8 Energy absorption

Numerical simulations make it possible to understand how the energy has
been distributed in the system with the progress of deformation. The amount
of energy mitigated through different parts of the bumper beam-longitudinal
system when using the user-defined material model are summarised in
Table 7-3, Table 7-4, Table 7-5 and Table 7-6 for test series A, B, C and D,
respectively. Figure 7-23 shows the energy-deformation plots for all the
components in the bumper beam-longitudinal system. The force-
deformation curves from the numerical simulations are also shown on the
top of the same figure.

For test series A, B and D, the energy absorption in the impacted
longitudinal started at a deformation of 100 mm. Prior to this deformation
the energy is absorbed in collapsing the bumper beam cross-section at the
impacted end. This point strongly supports that in experimental test series A
and B, the bumper beam collapsed before the buckling initiation in the
impacted longitudinal started, see Chapter 5. Thus, it is clear that the
initiation of buckling in the impacted longitudinal has led to the high peak in
the force-deformation plots for test series A, B and D. It was concluded that
this peak probably can be reduced by modelling initial geometric
imperfections or by increasing the assumed length of the HAZ. The
simulations with increased HAZ length can be found in Sections 8.1.2.2 and
8.3.2 for test series A and D, respectively.
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Table 7-3 Material internal energy for test series A (same as in Table 7-2).

Impact energy = 39.7 kJ, MAT-41(CFS*)

Part Internal energy Percentage
(kJ) %
Total system 38.01 100
Bumper beam 6.9 18.11
Impacted longitudinal 28.96 76.03
Non-impacted longitudinal 0.82 2.15
Impacted interface plate 0.98 2.57
Non-impacted interface plate 0.40 1.05

Table 7-4 Material internal energy for test series B.

Impact energy = 39.7 kJ, MAT-41(CFS*)

Part Internal energy Percentage
(kJ) %
Total system 38 100
Bumper beam 6.79 17.87
Impacted longitudinal 28.96 76.21
Non-impacted longitudinal 0.81 2.13
Impacted interface plate 0.99 2.60
Non-impacted interface plate 0.39 1.03

Table 7-5 Material internal energy for test series C.

Impact energy = 39.7 kJ, MAT-41(CFS*)

Part Internal energy Percentage
(kJ) %
Total system 23.36 100
Bumper beam 4.90 20.98
Impacted longitudinal 16.73 71.62
Non-impacted longitudinal 1.15 4.92
Impacted interface plate 0.35 1.49
Non-impacted interface plate 0.22 0.94

Table 7-6 Material internal energy for test series D.

Impact energy = 89.325 kJ, MAT-41(CFS¥*)

Part Internal energy Percentage
(kJ) %
Total system 46.05 100
Bumper beam 7.58 16.46
Impacted longitudinal 35.80 77.74
Non-impacted longitudinal 1.14 2.48
Impacted interface plate 1.034 2.24
Non-impacted interface plate 0.46 0.99
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Figure 7-23 Force-deformation plots, energy distribution with respect to
deformation for test series A, B, C and D.
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Contrary to other test series, the energy absorption in the impacted
longitudinal of test series C started at a deformation of 50 mm, see Figure 7-
23. As the buckling in the impacted longitudinal started, the bumper beam
cross-section did not collapse completely and the high peak which was
observed in other test series was not observed here.

The energy absorbed by the bumper beam in test series A, B and D varies
between 6.79 kJ and 7.58 kJ. The percentage of energy being absorbed by
the bumper beam compared to the total energy absorbed was 16.5% in test
series D (Table 7-6), whereas this was 18% in test series A (Table 7-3).

The energy absorption by the impacted interface plate started at a
deformation of 50 mm in the test series A, B and D. This corresponds to
50% collapse of the bumper beam cross-section. The energy absorbed by
the non-impacted interface plate in test series A, B, C and D is almost the
same and is close to 1% of the total energy absorbed. The energy absorbed
in developing the plastic hinge(s) in the non-impacted longitudinal varies
from 2.13% to 4.92% (see Tables 7-3 to 7-6). The lowest being in test series
B while the highest in test series C. In the latter case the non-impacted
longitudinal had two buckles.

The energy absorbed by the impacted longitudinal in test series A and B was
the same with 76% (Table 7-3 and Table 7-4). This shows that in the offset
impacts the longitudinals are the key structural elements for absorbing the
impact energy. Thus the longitudinals deserves a closer look since it
contributes to great percentage of the total energy absorbed. From Table 7-5
it is clear that the impacted longitudinal absorbed only 71% of the total
energy absorption for test series C. This is mainly due to the lower yield
strength of the material, see Table 3-6.

From Table 7-6 it is clear that the impacted longitudinal in test series D
absorbed approximately 78% of the total energy absorbed before the
impactor was stopped at a displacement of 491 mm. The total energy
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absorbed by test series D is slightly higher than that of test series A, Figure
7-23. This increase in the total energy absorption is due to increased inertia
effects in test series D.

7.9 Summary

Numerical simulations were performed and compared with the experimental
results for each test series A, B, C and D. The simulations of test series A
was performed using different material models. The results revealed that for
a given amount of deformation the predicted energy absorbed was higher
with the currently available material models in LS-DYNA than with user-
defined material model (MAT-41).

For test series B the simulations failed to predict the behaviour that was
observed in the tests. Thus, no comparison was performed between the
simulated and experimentally obtained permanently deformed specimens.

The predicted mean force level for test series C was lower than in the tests.
Further, a more dominant buckle was predicted on the non-impacted
longitudinal. If the HAZ was modelled the system showed a tendency of
running into an unstable deformation mode.

At the increased impact velocity for test series D, the numerical simulations
predicted a much higher peak force compared to the tests.

The simulations failed to predict the through-thickness shear crack that was
observed at the cut-out region of the non-impacted end of the bumper beam
in test series A, B and D.

In general, good agreement was found between the experiments and
simulations when using the user-defined material model with the critical
thickness strain fracture criterion (CFS*), e.g. the mean force-deformation
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plots in Figure 7-2(b) for test series A. The following points can be noted
from the present chapter:

For test series A, B and D

» The deformation mode in the impacted longitudinal deviated from
the experiments, i.e. for the first buckle instead of developing an
axisymmetric mode an asymmetric folding mode developed. Thus,
the number of lobes developed was less.

» The change in deformation mode caused a higher peak force in the
force-deformation characteristics.

For test series C

» The predicted deformation mode in the impacted longitudinal was
similar to that observed in the experiments. However, the mean
force level was underestimated and with a more dominant buckle
in the non-impacted longitudinal.
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Chapter 8 Sensitivity Studies and Process
Effects on Material Level

Sensitivity studies have been carried out for each test series using the
respective baseline model. The sensitivity studies include both physical and
purely numerical parameters. The physical parameters investigated were
strain-rate, heat-affected zone (HAZ) and fracture criteria, while the
numerical parameters investigated were element formulation type, mesh
size, number of through-thickness integration points, self-contact and
adaptive meshing. The sensitivity study for test series A is much wider than
for the other series. For test series B no sensitivity study was performed,
since the simulations failed to predict the observed behaviour in the tests. In
the present chapter, unless otherwise mentioned the critical thickness strain
fracture criterion (CFS*) will be considered as a default in all the
simulations.

8.1 Test series A

For test series A, the numerical response of the bumper beam-longitudinal
system predicted by different material models was discussed in Section 7.3.
It is reasonable to use the user-defined material model as a basis of the
sensitivity study, since it includes many possible important features. Thus,
the user-defined material model with critical thickness strain fracture
criterion was chosen as the “baseline” model for test series A.

8.1.1 Strain-rate

In the analysis of the dynamic plastic response of automobile bumper beam
structures subjected to crash loading, strain-rate sensitivity effects may be
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important. Failure to account for such effects in the analysis may result in
completely unrealistic results (Shieh, 1975).

In the baseline model the material is assumed to be strain-rate insensitive.
However, the material tests presented in Section 3.2 showed that there is
some strain-rate sensitivity on the strength of the bumper beam material (i.e.
AAT108-T6), as well as for the longitudinal material in AA7003-T79. The
strength variation of the bumper beam (AA7108-T6) and the longitudinal
(AAT003-T79) at different strain-rates is shown in Figure 3-14. Strain-rate
effects are included in the constitutive model as explained in Chapter 2.

The numerical response (force-deformation) of the bumper beam-
longitudinal system when considering strain-rate sensitivity is compared
with the baseline model in Figure 8-1. The figure clearly depicts that with
the consideration of strain-rate sensitivity the average force level increases.
The deformation mode predicted in the numerical simulations for both
cases, i.e. with and without consideration of strain-rate sensitivity, was the
same, but the amount of deformation is less when strain-rate sensitivity is
taken into account.
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Figure 8-1 Strain-rate effects on the response of test series A, (a) force-
deformation and (b) mean force-deformation.
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In other words, this implies that the total impact energy of the impactor was
absorbed over a smaller deformation which can also be noted from the mean
force-deformation plot in Figure 8-1(b). The mean force predicted is higher
for the system with strain-rate effects. From the simulations it can be
concluded that strain-rate effects are of importance and without inclusion of
these effects, the peak moments (and thus, peak decelerations) might be
considerably underestimated, see Figure 8-1(a).

8.1.2 Heat-affected zone (HAZ)

In the FE-model (Figure 6-20) a length of 20 mm and a 30% reduction
factor in the true stress-strain curve (Figure 6-22) were assumed in
modelling the HAZ. To study the influence of the HAZ on the crash
behaviour of the bumper beam-longitudinal systems the following
additional simulations were performed. The first case is without the HAZ, in
the second case the 20 mm HAZ length is increased to the elastic local
buckling length, and in the final case the thickness of two rows of elements
in the HAZ is increased to represent the fillet material addition due to
welding.

8.1.2.1 Without the HAZ

Figure 8-2 shows the response of the bumper beam-longitudinal system with
the baseline model, without any HAZ, but with and without strain-rate
effects. The final permanent deformation shapes are compared in Figure 8-
3.

When the HAZ was not modelled the deformation mode changed. One
would expect that when the HAZ was not modelled the force level in the
system should increase, due to the increased stiffness of the longitudinals.

On the contrary, a lower force level with increased permanent deformation
was observed in the simulations, Figure 8-2(a). Thus the mean force as well
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as the energy absorbed by the bumper beam-longitudinal system decreased,
Figure 8-2(b), when the rate effects were ignored. However, the behaviour
was opposite when the rate effects were taken into consideration.

The reasons for such behaviour of the system are as follows. With the
initiation of buckling in the impacted longitudinal in the baseline simulation
the deformation was concentrated in the soft zone, i.e. in the HAZ itself.
The formation of a second buckle led to rise in the force level at a
deformation of 200 mm, see Figure 8-2(a). When the HAZ was not
modelled, however, a higher force was required to initiate the buckling in
the impacted longitudinal. Of this reason the deformation was not
concentrated, as in the baseline model, and simultaneously the buckling
pattern was developed over the entire length of the longitudinal. This pattern
helped in the easy formation of buckles with the progress of the deformation
process. The above is also applicable when the strain-rate effects are taken
into consideration. However, there was a much higher peak force in the
simulations when the rate effects were considered, as in previous section.
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Figure 8-2 Influence of HAZ on the crash behaviour of test series A, ()
force-deformation and (b) mean force-deformation.
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A clearer progressive buckling mode developed in the impacted longitudinal
when the HAZ was not modelled (Figure 8-3(b) and (c)), and the permanent
deformation of the system increased without the rate effects. The predicted
permanent deformation without the HAZ, but with rate effects was close to
the tests, see Figure 8-2(a). When the HAZ was not modelled, it can further
be seen that there are some rotational effects on the deformed end of the
impacted longitudinal. On the other hand, no local buckle developed at the
clamped end of the impacted longitudinal, which is in better accordance
with the experiments.

|

(©)

Figure 8-3 Final deformation shapes of test series A from the simulations (a)
with the HAZ (baseline model), (b) without the HAZ, no strain-
rate effects and (c) without the HAZ, with strain-rate effects.
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It can be concluded that without the modelling of the HAZ the behaviour of
the bumper beam-longitudinal system deviated from the experiments, in the
absence of strain-rate effects. On the other hand the system behaviour was
close to that observed in the tests when rate effects were considered.

8.1.2.2 Increasing the HAZ length

In the previous section, the initial high peak force existed in the force-
deformation plots when the HAZ was modelled with 20 mm width, Figure
8-2(a). Here it is questioned/investigated whether the peak force can be
reduced by assigning the HAZ a different (even unphysical) length.
Presently the HAZ length is increased to the elastic local buckling length of
the longitudinal. Thus, as the buckling initiation in the impacted
longitudinal starts on the 95 mm wall (see Figure 1-2), the HAZ length was
taken as 95 mm.

The 95 mm HAZ was modelled only in the impacted longitudinal. Force-
deformation plots from the simulations are compared in Figure 8-4(a). The
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Figure 8-4 Influence of increasing the HAZ length from 20 mm to 95 mm,
on the crash behaviour of test series A, (a) force-deformation
and (b) mean force-deformation.
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analyses were performed with and without strain-rate effects. The peak
force that existed in the 20 mm HAZ system is clearly reduced when a 95
mm HAZ was modelled. The peak force was the same both with and
without the strain-rate effects. This reduction in the peak force is due to the
“availability” of a sufficient length for the formation of the first buckle in
the impacted longitudinal within the weaker HAZ. This further aids in the
easy formation of the rest of the buckles outside the HAZ region, and thus
the mean force of the system decreased (without strain-rate effects) in
Figure 8-4(b). With rate effects the mean force level increased and was on
the top of the experimental curves, see Figure 8-4(b).

The folding mode developed in the impacted longitudinal with a 20 mm
HAZ is a mixed mode, Figure 8-5(a). In Figure 8-5(b) and (c) the folding
mode developed with a 95 mm HAZ in the system is more clearly
progressive, i.e. similar to that observed in the tests. However, there are
some rotational effects on the deformed end of the impacted longitudinal
due to the reduced stiffness of the longitudinal. As in the case without the
HAZ in the previous section, the impacted longitudinal did not develop any
buckle at its clamped end. On the other hand one has to sacrifice for the
poor prediction of fracture in the critical areas.

To summarise; assigning the HAZ an unphysical length of 95 mm, i.e. about
the elastic local buckling length, led to accurate prediction of the force level
and the deformation mode in the system. Do remember that the HAZ of 95
mm is unphysical and that this modelling approach must be considered as a
“trick”. The author belives that more tests are required to verify that this
approach “holds” also in other cases.

8.1.2.3 Increasing the thickness of the elements in the HAZ

For accurate prediction of fracture modes, the numerical model should be
constructed as close as possible to the physical test set-up. As mentioned
earlier, the longitudinal and the interface plate were MIG welded in order to

-An experimental and numerical study- 195



Chapter 8 Sensitivity Studies and Process Effects on Material Level

connect the longitudinal to the bumper beam’s back face. Because of
welding some extra material is added in the form of a fillet in the welded
section. To represent this material the thickness of selected rows of elements
in the HAZ are assigned an increased thickness.

The increased thickness was assigned to the two rows of elements in the
HAZ closest to the interface plate and two rows in the interface plate
(Figure 6-20). Three simulations were performed with 1.5, 2 and 2.5 times
the original thickness of the respective elements. Only with a thickness

(b)

®

(©)

Figure 8-5 Final deformation modes from the simulations for test series A,
(@) baseline model (b) 95 mm HAZ model without strain-rate
effects and (c) 95 mm HAZ model with strain-rate effects.
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increase by 2.5 times change in the fracture mode was observed. The
predicted response is compared with the baseline model in Figure 8-6.

As can be seen from Figure 8-6(a), the response of the system changed
significantly after the formation of first buckle in the impacted longitudinal,
I.e. after the initial high peak in the force-deformation plots. One can clearly
see that the impact energy is absorbed over a shorter deformation, i.e. the
mean force level, is over-predicted when compared to the baseline model.
The final deformed shape of the bumper beam-longitudinal systems is
shown in Figure 8-7. In the present case, the simulation was able to predict
the through-thickness shear crack at the cut-out region of the non-impacted
end of the bumper beam. A close view of the crack is shown in Figure 8-7.
However, the propagating tearing crack at the intersection between the
lower flange and the web was not influenced by increasing the thickness of
the selected elements. The predicted through-thickness shear crack path is
parallel to the axis of the longitudinal which is similar to that observed in
the test specimens A4 and A5, see Figure 5-27. It may be possible to predict
the crack path as in the test specimens Al and A2, Figure 5-27, if the
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Figure 8-6 Influence of increasing the thickness of selected elements to
represent weld material addition (a) force-deformation and (b)
mean force-deformation.
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element splitting could be done along the diagonal direction when
employing fission based adaptive meshing, see Section 8.1.8.

8.1.3 Fracture criteria

In addition to the critical thickness strain fracture criterion (CFS*) that was
used in the baseline model, the user-defined material model includes the
fracture criterion due to Cockcroft and Latham (CL), Equation (2.33). The
CL fracture parameters are tabulated in Table 3-9.

The response of the system obtained from the simulations when using the
two different fracture criteria is shown in Figure 8-8. As can be seen, there
is no significant influence on the predicted behaviour of the system, i.e. the
response of the system is the same when either of the two of fracture criteria
Is used. However, there is a slight increase in the permanent deformation of
the system when the Cockcroft-Latham fracture criterion is used. The
increase in deformation is due to more extensive failure events and the
deletion of a larger number of elements in the analysis performed with CL
fracture criterion. When using the CFS* and CL fracture criteria in the
simulations, a total of 17 and 67 elements were eroded, respectively. The
fracture limits for the bumper beam material (AA7108-T6) is shown in
Figure 8-9. As can be seen, especially in the stretch-stretch region the CL

5 &

Figure 8-7 Final deformed shape (left) of the bumper beam-longitudinal
system when the thickness of selected elements in the HAZ is
increased by 2.5 times, close view of the through-thickness
shear crack (right) at the non-impacted end of the bumper beam.
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criterion is greater than the CFS* criterion representing that a state of
fracture is more easily reached. Hence, the response of the bumper beam-
longitudinal system differs.
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Figure 8-8 Influence of fracture criteria on the crash performance of bumper

beam-longitudinal system (a) force-deformation and (b) mean
force-deformation.
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Figure 8-9 Fracture limits predicted for the bumper beam material by the
user-defined constitutive model.
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8.1.4 Self contact

As the extruded longitudinal deforms, contact between the lobes will occur.
Thickness offsets are not included in the surface to surface and node to
surface contact algorithms, whereas in single surface contact algorithms
they are always included. The default thickness teontact USed in the contact
formulation is given by (Hallquist, 2003)

t =min (t; ;. » 0.4-Iedge) (8.1)

contact
where tiniiar 1S the initial shell thickness and leqge is the length of the shell
element. In thin shells this is not a problem as the thickness of the shell is
much smaller than other dimensions, but for thick shells the thickness and
the length of the side edge can be of similar size and the thickness used in
the contact formulation will be much smaller than the real thickness.

In the current simulations an element size of 5x5 mm is used giving a shell
thickness in the contact formulation of 2 mm. Simulations were carried out
using the shell thickness in the contact formulation equal to the initial
thickness of the shell. The predicted behaviour of the bumper beam-
longitudinal system is compared with the baseline model in Figure 8-10.
From the figure it can be concluded that the use of the actual thickness in
the contact algorithm in LS-DYNA had none or little influence on the force
level and thus on the behaviour of the bumper beam-longitudinal system.

The thickness of the shell will change during deformation, this thickness
change is per default not included in the contact formulation of LS-DYNA.
Simulations were performed taking into consideration changes in thickness
in the contact formulation. The results show, Figure 8-11, that there is no
effect of considering the change of thickness in the contact algorithm.
Jensen (2005) also obtained similar results when studying the square tubes
subjected to axial loading.
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8.1.5 Element formulation type

In the simulations, Belytschko-Tsay (type 2) (Hallquist, 2003) shell
elements were used. This element formulation type is very CPU efficient
and thus a natural choice. Two other element formulation types were tested,
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Figure 8-10 Effect of actual shell thickness in contact formulation: (a) force-
deformation and (b) mean force-deformation.
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Figure 8-11 Effect of considering thickness changes in contact formulation:
(a) force-deformation and (b) mean force-deformation.
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namely Hughes-Liu (type 1) (Hallquist, 2003) and a fully integrated element
formulation (type 16) (Hallquist, 2003).

In the simulations with type 1 and type 16 element formulations - five
through-thickness integration points were considered as in Belytschko-Tsay
(default) formulation. The Hughes-Liu element formulation also uses one
point quadrature as in Belytschko-Tsay element (Hallquist, 1998). Thus
there is no need to worry for the element erosion when the fracture criterion
is satisfied. If this value (three out of five) is used in the fully integrated
element formulation (type 16) then a large group of elements was deleted.
This over-predicts the fracture in the system, which is not physical. The
reason is that type 16 uses 2x2 quadrature instead of a one-point quadrature,
and thus the elements have a total of 20 integration points. To avoid deletion
of such large group of elements when employing the fully integrated
element formulation, the element deletion criterion has been changed from
three out of five to twelve out of twenty.

As can be seen from Figure 8-12, when using the Hughes-Liu elements
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Figure 8-12 Effect of element formulation type on the crash behaviour of
bumper beam-longitudinal system: (a) force-deformation and (b)
mean force-deformation.
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(type 1) the predicted behaviour of the bumper beam-longitudinal system
was the same as that predicted by the default element formulation. On the
other hand, the use of the fully integrated element type 16 led to an increase
in the mean force level and, hence, a reduced permanent deformation
compared to the baseline model, see Figure 8-12(a),

From the simulations with different element formulation types, it can be
concluded that the choice of element type has some influence on the force
level, especially fully integrated element type 16.

8.1.6 Through-thickness integration points

In Section 7.3 it was noted that the number of lobes developed in the
impacted longitudinal in the simulations was two shorter compared to the
tests. Here it is investigated whether the number of lobes might be increased
by increasing the number of through-thickness integration points. However,
it should be kept in mind that the computation time and cost is most
proportional to the increased number of integration points.

In the baseline model five through-thickness integration points was used.
Additional simulations were performed with seven and nine through-
thickness integration points. The maximum through-thickness integration
points that can be used in a shell are ten, due to the limitation of the Lobatto
integration rule, see Hallquist (2003).

The predicted response of the bumper beam-longitudinal system when
increasing the through-thickness integration points is compared to the
baseline model in Figure 8-13, while in Figure 8-14 permanent deformation
profiles of the impacted longitudinals are shown. It was expected that the
number of lobes would increase because of the increased number of
computations through the thickness of the shell, and thus the element could
bend/buckle more easily. The force-deformation characteristics in Figure 8-
13(a) indicates that an increased number of through-thickness integration
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points have no influence for the predicted response of the system at hand.
The mean force-deformation plots are fairly close with the baseline
prediction, Figure 8-13(b). The permanently deformed profiles in Figure 8-
14 show that there is a slight change in the deformation mode during the
formation of last-but-one buckle, when using seven and nine through-
thickness integration points. This could be the probable reason for the drop
in the force level at a deformation of about 350 mm, see Figure 8-13(a),
when compared to the baseline model.
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Figure 8-13 Effect of increasing the number of through-thickness integration
points on the crash behaviour of bumper beam-longitudinal
system: (a) force-deformation and (b) mean force-deformation.

Figure 8-14 Permanent deformed shapes of longitudinals when increasing
the number of through-thickness integration points.

204 Bumper beam-longitudinal system subjected to offset impact loading



Section 8.1 Test series A

8.1.7 Mesh size

The longitudinal members absorb the energy by buckling of the side walls.
The buckling phenomenon is sensitive to the mesh size. In order to check
the mesh sensitivity of the bumper beam-longitudinal system a simulation
was performed. The mesh of the impacted longitudinal was modified, since
it absorbs most of the energy.

To obtain the fine mesh in the impacted longitudinal an element split
operation (Hallquist, 2003) was performed. In this operation each element
was splitted into four small elements, thus the obtained elements have a size
of approximately 2.5x2.5 mm?. The element split operation was performed
on the whole longitudinal including the HAZ, expect for the end rows of
elements. The first and last row elements were meshed manually to avoid
the problem of merging the nodes between the HAZ and interface plate and
between the longitudinal and the fixture.

The predicted behaviour of the bumper beam-longitudinal system with
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Figure 8-15 Effect of mesh size on the crash performance of bumper beam-
longitudinal system (a) force-deformation and (b) mean force-
deformation.
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refined mesh is included in Figure 8-15. As seen, that the behaviour of the
system is sensitive to the mesh size. Compared to the baseline model, the
permanent deformation in the system is increased due to a lower mean force
level, Figure 8-15(b). However, no change in the deformation mode was
observed, and the number of lobes developed in the impacted longitudinal
was the same as in baseline model. The increase in permanent deformation
is due to the effective compression of the buckles (lobes).

8.1.8 Adaptive meshing

The adaptive meshing study was actually performed before adding the fillet
material in the HAZ in Section 8.1.2.3. Although that increased thickness
helped in predicting the through-thickness shear crack correctly, the
propagating tearing crack at the intersection between the lower flange and
the web was not captured. The basic reason behind employing the adaptive
meshing was mainly to predict the fracture modes at the non-impacted end
and in the mid-section (i.e. bending failure in the webs and flanges) of the
bumper beam, see Figure 7-7. It was assumed that the present element size
(5x5 mm?) was too large and thus the reason why the simulations failed to
predict the fracture. Hence, with an intention to predict these failure modes
simulations with adaptive meshing was performed on the baseline model.
The adaptive meshing was applied only for the bumper beam using the
*CONTROL_ADAPTIVE card in LS-DYNA (Hallquist, 2003).

By default LS-DYNA utilizes an h-adaptivity for shell elements. In the h-
adaptive method, the elements are sub-divided into smaller elements
whenever an error indicator shows that sub-division of the elements will
provide improved accuracy. For the present simulations the maximum
refinement level is set to 2 and a thickness strain error indicator is used. This
means that whenever the adaptive re-meshing thickness criterion is satisfied
the element is divided into four sub-elements. More details about the use of
adaptive meshing can be found in Hallquist (2003).
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It was observed that nothing was gained from the use of adaptive meshing in
predicting the through-thickness shear crack and the bending failure in the
mid-section of the bumper beam. Thus, no images of bending failure in the
bumper beam are presented. The force-deformation and mean force-
deformation plots are respectively compared in Figure 8-16(a) and (b) with
respect to the baseline model.

The deformation of the bumper beam-longitudinal system when using the
adaptive meshing was similar to that observed in the baseline model. The
fracture modes observed at the non-impacted end of the bumper beam in the
experiment and that predicted in the simulations using the CFS* and CL
fracture criteria with a fixed and adaptive mesh with the CFS* fracture
criterion are shown in Figure 8-17. The propagating tearing crack at the
intersection between the lower flange and the web, that was suppressed in
the baseline model and also when using Cockcroft-Latham fracture
criterion, is accurately predicted with the adaptive mesh. The adaptive re-
meshing that occurred across the cut-out section of the bumper beam due to
adaptivity can also be seen. The simulations failed to predict the through-
thickness shear failure at the non-impacted end of the bumper beam, without
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Figure 8-16 Influence of adaptive meshing on the crash behaviour of
bumper beam-longitudinal system: (a) force-deformation and (b)
mean force-deformation.

-An experimental and numerical study- 207



Chapter 8 Sensitivity Studies and Process Effects on Material Level

combining the adaptive meshing with increased thickness in the elements
situated within the fillet weld.

The fracture mode predicted (in Section 8.1.2.3) at the non-impacted end of
the bumper beam is shown in Figure 8-17(e). This image is mainly used to
compare the fracture that was predicted when employing adaptive meshing.
The two last images of Figure 8-17, i.e. (e) and (f) reveal that the use of
adaptive meshing helps in predicting a more clear fracture path due to the
sub-division of the elements in critical areas.

(@) Experiment (Test specimen Al)

(b)  Critical thickness failure strain
(CES*) criterion (baseline
model)

() Cockeroft-Latham (CL) failure
criterion

(d)  Adaptive meshing with CES*

failure criterion

Increasing thickness of selected
®  elements to represent weld

material and CFS$* failure

criterion

Increasing thickness of selected
) elements to represent weld

material and CFS* failure

criterion and adaptive meshing

Figure 8-17 Comparison of fracture at the non-impacted end of the bumper
beam, experiment vs. numerical simulations.
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The force-deformation and mean force-deformation plots are compared with
the baseline model in Figure 8-18. Up to the formation of the first two lobes
in the impacted longitudinal, the adaptive meshing had no influence. The
curves with and without adaptive meshing started to deviate at a
deformation of 150 mm. The system without adaptive meshing had a higher
peak force, which was almost the same height as the initial peak force.
Whereas the system with adaptive meshing the force level was lower than
the initial peak. This is due to the erosion of the elements at the intersection
of the lower flange and the web. Simultaneously, re-meshing took place
near the cut-out region of the bumper beam. From the force-deformation
plots, Figure 8-18(a), one can see that the lobes developed in the impacted
longitudinal was progressive with increased permanent deformation, see
Figure 8-19. The mean force of the system decreased considerably, Figure
8-18(b), compared to the baseline model and the system without adaptive
meshing. The deformation mode of the impacted longitudinal has changed
from mixed mode to progressive folding mode with the application of
adaptive meshing, when modelling them as close as possible to the reality,
i.e. increasing the thickness of the selected rows of elements in the HAZ to
represent the fillet material addition due to welding.
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Figure 8-18 Influence of increasing the thickness of selected elements to
represent weld material addition and also use of adaptive
meshing (a) force-deformation and (b) mean force-deformation.
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The use (or application) of adaptive meshing shows that the element size
should be in the order of the thickness of the elements to predict the fracture
at least in the critical areas.

8.2 Test series C

For test series C the predicted deformation mode of the system was close to
that observed in the tests, but the mean force level was underestimated
compared to the tests, see Section 7.6. Thus, the only sensitivity study
performed on test series C was the influence of strain-rate effects. As in the
previous section, here also the response predicted by MAT-41(CFS*) is
chosen as the “baseline” model.

In the baseline model the material (longitudinal AA6060-T1) is assumed to
be strain-rate insensitive and no strain-rate data was available since no
experiments were performed on this alloy. However, Enjalbert (2003)
performed material tests on AA6060-T6 and has shown that it has a small
strain-rate sensitivity. Even though it is small it may have an influence on
the mean force level. Enjalbert (2003) performed tensile tests on specimens

(a)

(b)

—

Figure 8-19 Permanent deformation shapes of the impacted longitudinal
when increasing the thickness of selected elements to represent
weld material addition (a) without and (b) with adaptive
meshing of the bumper beam.
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cut from aluminium alloy 6060-T6 tube with 4.5 mm wall thickness in a
hydraulic testing machine and in a “Split Hopkinson Tension Bar” similar to
the programme reported in Section 3.2.1. Figure 8-20 shows the reported
strain-rate sensitivity at different levels of plastic strain.

As can be seen there is small positive strain-rate sensitivity for AA6060-T6.
To take strain-rate effects into account, Equation (2.27) was used. The
parameters are listed in Table 8-1.

The response of test series C when considering the strain-rate sensitivity
parameters for temper T6, is plotted together with the baseline model in
Figure 8-21. From the force-deformation and mean force-deformation plots
in Figure 8-21(a) and (b), respectively, it is clear that there is some influence
of strain-rate on the behaviour of the system. The mean-force level is
increased with the inclusion of rate effects, and matches exactly with the
tests at the final deformation.
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Figure 8-20 Strain-rate sensitivity in AA6060-T6 (Enjalbert, 2003).

Table 8-1 Strain-rate parameters for AA6060-T6.

Alloy - Temper & C
[s] [-]
AA6060-T6 1.0 0.001
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8.3 Testseries D

Test series D is similar to test series A, but with increased impact velocity.
The sensitivity studies are performed because in Section 7.7.1 the numerical
simulations predicted much higher peaks in the force-deformation
characteristics, and thus the mean force level deviated significantly from the
tests, see Figure 7-18. The main aim for the sensitivity studies in this section
is to improve the mean force level with reduced peaks in the force-
deformation characteristics. Thus the test series D sensitivity studies were
related to physical parameters only. One of these was to check the influence
of not modelling the HAZ (i.e. without the HAZ), while the other was to
increase the modelled HAZ length (20 mm) to the natural buckling length
(95 mm), as in Section 8.1.2. To perform the sensitivity studies, the model
in Section 7.7 was chosen as the “baseline” model.

8.3.1 Without the HAZ

The predicted behaviour of the system when the HAZ was not modelled is
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Figure 8-21 Strain-rate effects on the response of test series C (a) force-
deformation and (b) mean force-deformation.
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shown in Figure 8-22 together with the tests and the baseline model. The
peak force remained the same as in baseline model for the present system.
Whereas the peak force level increased slightly when the HAZ was removed
from the model for series A. This can be due to the different impact
velocities in test series A and D. The predicted deformation modes without
modelling the HAZ in test series D and A followed the same course. The
mean force of the system decreased compared to the baseline model and is
close to the tests, Figure 8-22(b).

The final deformed shapes of the bumper beam-longitudinal systems with
and without the HAZ are shown in Figure 8-23(a) and (b) respectively. As
with the series A one can observe that the deformed end of the impacted
longitudinal has some rotational effects compared to the baseline model.

8.3.2 Increasing the HAZ length

In the previous section it was observed that the mean force of the system
decreased when the HAZ was not modelled. However, the mean force-
deformation curve in Figure 8-22(b) deviated much in the first part of the
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Figure 8-22 Influence of HAZ on the crash behaviour of test series D, (a)
force-deformation and (b) mean force-deformation.
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impact due to the higher force level before it reached a value close to the
tests. The peak force level that occurred in the force-deformation
characteristics is the cause for the above deviation. With an intention to
reduce the initial peak force level, simulations were performed with an
increased HAZ length, 95 mm, which corresponds to the elastic buckling
length of the longitudinal. The predicted response of the bumper beam-
longitudinal system with 95 mm HAZ length in the impacted longitudinal
only is compared with the baseline model and the tests in Figure 8-24. As
can be seen from the force-deformation characteristics in Figure 8-24(a), the
peak force level is decreased considerably when the HAZ length was
modelled as 95 mm instead of 20 mm. This peak force level is almost equal
to that obtained in the tests. The early occurrence of the peak was, however,
not avoided. The mean force-deformation curves in Figure 8-24(b), shows
that the predicted mean force level by the 95 mm HAZ value coincides with

| L‘
(b) o

Figure 8-23 Final deformation shapes of test series D from the simulations
(a) with HAZ (baseline model) and (b) without HAZ.
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the experimental curves, except for some deviations in the first part of the
impact.

The permanent deformation shapes of the bumper beam-longitudinal system
with 20 mm HAZ and 95 mm HAZ are shown in Figure 8-25(a) and (b)
respectively. From Figure 8-25(b) one can see that the deformed end of the
impacted longitudinal has more rotation compared to the baseline model.

To conclude, for accurate prediction of test series D behaviour it is
preferable to model the HAZ length equal to 95 mm, i.e. the elastic local
buckling length, instead of 20 mm.

8.4 Summary of sensitivity studies

Table 8-2 gives the relative CPU cost for the different sensitivity parameters
investigated in this study. Studying the CPU cost directly may be
misguiding as it is very dependent on the number of cycles needed in the
simulation. The number of cycles in one simulation may be significantly
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Figure 8-24 Influence of increasing the HAZ length from 20 mm to elastic
local buckling length of 95 mm on the crash behaviour of test
series D, (a) force-deformation and (b) mean force-deformation.
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increased if one element experiences a large decrease in size. Thus the
relative CPU cost per cycle for the investigated parameter and the baseline
model is presented.

As seen, the use of element type 16 leads to a significant increase in the
relative CPU cost. The next significant parameter is the adaptive meshing.
When using adaptive meshing the relative CPU cost increases almost with a
factor twice of the baseline model. On the other hand, decreasing the mesh
size only in the impacted longitudinal, increases the relative CPU cost by
50%. For all other parameters the increase in relative CPU cost is 5% or
less.

[

(b)

Figure 8-25 Final deformation shapes of test series D from the simulations
(@) with 20 mm HAZ (baseline model) and (b) with 95 mm
HAZ.
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8.5 Process effects on material level

The simulations results presented in Chapter 7 and in the previous sections
are based on a geometry of the bumper beam that is generated from forming
simulations, see Chapter 6. Thus, in the bumper beam model the thickness
changes from the forming process has been taken into consideration, while
the process effects on the material have not been included. In conjunction
with damage models and failure prognosis, and for the accurate prediction
of instability and failure, the consideration of forming history is crucial for
crash relevant parts that have been subjected to high strains during forming
(Wang and Holzner, 2002). As mentioned earlier, the process effects on the
material are not routinely included in industrial product development. The
primary focus of the present section was on whether the observed material
effect in Section 3.5, could result in any further improvement in the
predicted behaviour of the bumper beam-longitudinal system.

Table 8-2 Relative CPU cost.

Test Test Test Test
series A series B seriesC  series D
Strain-rate 1.09 - 1.12 -
Without the HAZ 1.01 - - 1.01
Increasing the HAZ length 0.99 - - 1.02
Increasing thickness of selected
0.99 - - -

row of elements
Increasing thickness of selected 195 i i i
row of elements with adaptivity '
Cockcroft-Latham fracture

s 0.99 - - -
criterion
Self contact 0.99 - - -
Element type 16 2.45 - - -
Element type 1 1.05 - - -
Through-thickness integration

X 1.01 - - -
points 7
Through-thickness integration

. 0.99 - - -
points 9
Mesh size 1.45 - - -
Adaptive meshing 1.93 - - -
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Chapter 8 Sensitivity Studies and Process Effects on Material Level

As previously mentioned, anisotropy development due to pre-stretching is
not included in the model. The process effect is considered being an
isotropic phenomenon related to increased precipitation speed within the
denser dislocation forests arising whenever the material has been plastically
pre-deformed. Thus, within the model the process effect in the crash
analysis has been linked to the scalar effective plastic strain resulting from a
forming analysis, i.e. pre-deformation (Lademo et al., 2005).

The simulations when considering the process effects on the material level
for the bumper beam were performed using both 1- and 12- hour batch data,
(Section 3.5), for test series A. In order to compare the predicted behaviour
of the bumper beam-longitudinal system the baseline model defined in
Section 8.1 was used.

Figure 8-26 shows the predicted behaviour of the bumper beam-longitudinal
system with and without the process effects on the material level. As can be
seen from Figure 8-26(a), there is no difference between the analysis results
with and without process effects. If there was any effect of process

160 . ‘ ‘ ‘ Mean 120
FEI’NCG Force
[ ] | f\ | [kN]
|

120 —

\ f JA ~ //V o
/ \//\f At 7 i
- . [\l

|

! / Process effects on material level

| ) Baseline

f 1-hour batch
—-—-- 12-hour batch

T 0 T T T T T T T T

0 100 200 300 400 500 0 100 200 300 400 500

Deformation [mm] Deformation [mm]

(@) (b)

Figure 8-26 Influence of process effects on the crash performance of test
series A, (a) force-deformation and (b) mean force-deformation.
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Section 8.5 Process effects on material level

parameters then these effects should appear in the initial stage, related to
crushing of the bumper beam (process effects are considered only for the
bumper beam). Further, the mean force-deformation curves (Figure 8-
26(b)), as well as the deformation modes in the longitudinal, Figure 8-27 are
the same in simulations with and without process effects.

From the simulations it can be concluded that the consideration of process
effects on material level for such complex system has no significant
influence. Further, assuming that the numerical model has sufficient
predictive capability it is noted that the test series A is robust, since
variations in material parameters do not noteworthy influence the system
performance.

12-hour

-hour

X B

Baseline

Figure 8-27 Deformation modes of impacted longitudinal with and without
process effects on the material level in the bumper beam, test
series A simulations.
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Chapter 9 Conclusions and Recommendations

The objectives of this study were to increase the physical understanding of
the different phenomena taking place during the offset impact of an
automotive bumper beam-longitudinal system as well as to validate a
modelling procedure for the system’s crash performance. The objective was
achieved through material tests, full-scale system tests and non-linear FE-
analyses.

The work included an experimental and a numerical study of a bumper
beam-longitudinal system at 40% offset impact, where longitudinals of two
different alloys (AA7003 and AA6060) and two temper conditions (T79 and
T1) were varied along with two impact velocities of 10 m/s and 15 m/s. The
longitudinals in AA7003-T79, AA7003-T1 and AAG6060-T1 were selected,
whereas the bumper beam chosen was in AA7108-T6. The effect of material
and temper condition on the energy absorbing characteristics of the bumper
beam-longitudinal system was studied. Further, the influence of vyield
criterion and the process effects on the crash performance of the bumper
beam-longitudinal system was studied using the non-linear FE-code LS-
DYNA.

9.1 Conclusions

The following conclusions can be drawn from the present work:

Results from the material tests in Chapter 3 indicated that:

» The bumper beam material AA7108 has significant anisotropy in
strength, plastic flow and ductility in both tempers (W and T6).
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Chapter 9 Conclusions and Recommendations

» The AA7003 material shows less anisotropy in strength and plastic

flow compared to AA7108, but shows large anisotropy with
respect to the ductility.

Considerable anisotropy in ductility has been observed for the
AA6060-T1 material, without much difference in the strength
levels.

The strain-rate affects the materials’ flow stress significantly for
AAT7108-T6 and AA7003-T79. The increase in material strength in
the strain-rate range 10 s - 10° s is 15% for AA7108-T6 and
25% for AA7003-T79.

There is a well-defined effect of the amount of pre-stretching in
W-temper on the properties of the AA7108 bumper beam material.
The strength and specimen elongation decrease for increasing pre-
strain. Further, an increased tendency of a “quasi-brittle” through-
thickness shear failure i.e. a reduced material/local ductility was
observed as a function of the pre-strain.

Experimental work on the bumper beam-longitudinal systems showed that:

>

>

>

The robustness of the system was very dependent on the yield
strength and temper condition of the longitudinals used.

Test series A revealed that the total impact energy was effectively
utilised in deforming the system without the activation of the
reaction wall crashboxes. The five parallel experiments of test
series A showed robust performance with similar force-
deformation characteristics.

A non-robust response was observed for test series B, i.e. different
collapse modes were found in parallel tests with similar
longitudinals under similar impact test conditions. The
longitudinal members had a tendency to develop lobes randomly

222

Bumper beam-longitudinal system subjected to offset impact loading



Section 9.1 Conclusions

along the length, since the material had higher strain-hardening
properties.

» The bumper beam’s cross-section did not collapse completely in
test series C. In the three parallel tests the same deformation mode
was observed and the fracture observed was much less compared
to other test series.

» Test series D were equal to series A except for an increased impact
velocity. These systems showed highly repetitive and robust
performance. The specimens further experienced less material
failure compared to test series A.

> For the same amount of deformation, test series A and D absorbed
almost the same amount of energy, which was higher than the one
for test series B and C.

Results from the numerical simulations indicated that:

» The user-defined material model was capable of representing the
material behaviour accurately with respect to strength, strain-
hardening and strain-rate sensitivity.

» Tensile test simulations in 45°- and 90°-direction were not
performed. However, for the 0°-direction explicit simulation of the
tensile specimen failed to predict the material ductility correctly
for the bumper beam material. The implicit analysis predicted a
ductility that was close to the tests.

» The force- and mean force- deformation characteristics predicted
by the user-defined material model with the critical thickness
strain fracture criterion were close to the experiments for test
series A. However, the folding mode in the impacted longitudinal
deviated from the experiments.

» For test series B the simulations failed to predict the deformation
and fracture modes that were observed in the experiments.
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>

Though the predicted deformation mode in the impacted
longitudinal was similar to that observed in the experiments of test
series C, the numerical model underestimated the mean force
level. Inclusion of strain-rate sensitivity led to accurate
predictions.

For the increased impact velocity in test series D the simulations
predicted much higher peaks in the force-deformation
characteristics compared to the experiments and thus over-
estimated the mean force.

Sensitivity studies revealed that (when the fillet material was
modelled) the propagating tearing and the through-thickness shear
cracks at the cut-out region of the non-impacted end of the bumper
beam was predicted using the adaptive meshing technique.

Consideration of the process effects on strength and strain-
hardening did not show any significant influence on the predicted
behaviour of the bumper beam-longitudinal system. The process
effects with respect to the reduced material ductility (i.e. the
increased tendency of “shear fracture”) was not investigated.

The simulations failed to predict the bending failure in the bumper
beam.

9.2 Recommendations for further work

Based on the present work the following subjects need further investigation:

> The non-robust behaviour observed in test series B should be

studied more closely.

In the numerical simulations, when modelling the HAZ for test
series C, the stability of the system was lost. On the other hand,
the system without the HAZ predicted a more dominant buckle on
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Section 9.2 Recommendations for further work

the non-impacted longitudinal. The factors influencing this should
be explored.

Effect of modelling the initial imperfections on the buckling mode
of the longitudinals should be studied.

In order to capture the bending failure in the bumper beam the
process effects on the material level that are linked to the reduced
ductility should be investigated.

A more refined fracture criterion may be required in order to
predict the failure zones accurately in the bumper beam.
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Appendix-A: Test series A

Test specimen A2

Table A-1 Description of impact events for test specimen A2 see Figure A-1
and Figure A-2.

Time (ms)  Description

=0 Impact of the bumper beam-longitudinal system started

=9 The bumper beam cross-section collapsed completely before t, and
at the same time buckling initiation in the impacted longitudinal
started

t;=15 A propagating tearing crack along the edge of upper flange and
web of the bumper beam started before time t;

t,=25 Due to the straining caused by the bumper beam a local plastic
hinge developed in the non-impacted longitudinal at time t,

ts = 38 A through-thickness shear crack at the non-impacted end of the
bumper beam developed at time ts

ts =76 At time tg the crashboxes on the reaction wall were almost
activated
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Figure A-1 Photos taken from high speed video recording for test specimen
A2.
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Figure A-2 Loadcell data for test specimen A2.
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Test specimen A3

Table A-2 Description of impact events for test specimen A3 see Figure A-3
and Figure A-4.

Time (ms)  Description

=0 Impact of the bumper beam-longitudinal system started

=9 The bumper beam cross-section has collapsed completely before t;
and at the same time buckling initiation in the impacted
longitudinal started

t;3=20 A plastic hinge in the mid-section of bumper beam developed at
time t3

t, =50 Weld failure occurred between the interface plate and longitudinal
on the non-impacted end at time t,

ts =64 Due to the straining caused by the bumper beam a local plastic
hinge developed in the non-impacted longitudinal at time ts at its
clamped end

ts =84 At time tg the crashboxes on the reaction wall were almost
activated
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Figure A-3 Photos taken from high speed video recording for test specimen
A3.

Bumper beam-longitudinal system subjected to 40% offset impact loading
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Test specimen A4

Table A-3 Description of impact events for test specimen A4 see Figure A-5
and Figure A-6.

Time (ms)  Description

=0 Impact of the bumper beam-longitudinal system started

t,=6 A propagating tearing crack along the edge of upper flange and the
web started at time t,

=9 At time t; buckling in the impacted longitudinal started at some
distance from the HAZ

ty =27 A through-thickness shear crack developed in the bumper beam on
non-impacted end at time t4

ts =52 Due to the straining caused by the bumper beam a local plastic

hinge developed in the non-impacted longitudinal at time ts, at its
clamped end. A plastic hinge in the mid-section of bumper beam
appeared before ts

ts = 81 At time tg the crashboxes on the reaction wall were almost
activated

Bumper beam-longitudinal system subjected to 40% offset impact loading



Figure A-5 Photos taken from high speed video recording for test specimen
Ad.

-An experimental and numerical study-
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Figure A-6 Loadcell data for test specimen A4.

Bumper beam-longitudinal system subjected to 40% offset impact loading



Test specimen A5

Table A-4 Description of impact events for test specimen A5 see Figure A-7
and Figure A-8.

Time (ms)  Description

=0 Impact of the bumper beam-longitudinal system started

=9 The bumper beam cross-section collapsed completely before t, and
at the same time buckling initiation in the impacted longitudinal
started

;=16 A plastic hinge in the mid-section of bumper beam developed at
time t3

=24 A through-thickness shear crack at the non-impacted end of the
bumper beam developed at time t,

ts =54 Due to the straining caused by the bumper beam a local plastic
hinge developed in the non-impacted longitudinal at time ts

tg = 81 At time tg the crashboxes on the reaction wall were almost
activated

-An experimental and numerical study-



Figure A-7 Photos taken from high speed video recording for test specimen
Ab5.

Bumper beam-longitudinal system subjected to 40% offset impact loading
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Figure A-8 Loadcell data for test specimen A5.

-An experimental and numerical study-



Appendix-B: Test series B

Test specimen B2

Table B-1 Description of impact events for test specimen B2 see Figure B-1
and Figure B-2.

Time (ms)  Description

=0 Impact of the bumper beam-longitudinal system started

t, =10 The bumper beam cross-section collapsed completely before t, and
at the same time buckling initiation in the impacted longitudinal
started

=21 A plastic hinge in the mid-section of bumper beam developed at
time t3

t,=41 A through-thickness shear crack at the non-impacted end of the
bumper beam developed at time t,

ts =49 Rotation of the deformed longitudinal at the impacted end started
before time ts

ts = 65 At time tg the crashboxes on the reaction wall were almost
activated

Bumper beam-longitudinal system subjected to 40% offset impact loading



Figure B-1 Photos taken from high speed video recording for test specimen
B2.

-An experimental and numerical study-



F 160 L I | 1 | 1 | 1
[Eyr\f]e —@— Total trolley force
B Total wall force | |

1204 -

40 =

I
o 2

rvr
40 60 80 100
Time [ms]
Non-impacted 30 | | I | | | .
end moments
Mx
[kNm] ] i
204 -
10 -
0 — -
-10 R
0 20 40 60 80 100
Time [ms]
Impacted end 30 e B
moments
[kNm] Mx
My B
204 -
104 [
0— [
-10 \ \ \ \
0 20 80 100

40 60
Time [ms]
L | | 1

Velocity 12 Vel ‘l ' 800 peformation
ms] 1 ‘elocity [mm]
[ Deformation L

101

, I 600
g
6| - 400
N L

] - 200
2
0 T T T T 0

0 20 40 60 80 100

Time [ms]

Figure B-2 Loadcell data for test specimen B2.

Bumper beam-longitudinal system subjected to 40% offset impact loading



Test specimen B3

Table B-2 Description of impact events for test specimen B3 see Figure B-3
and Figure B-4.

Time (ms)  Description

=0 Impact of the bumper beam-longitudinal system started

=9 The bumper beam cross-section collapsed completely before t, and
at the same time buckling initiation in the impacted longitudinal
started

t;3=20 A propagating tearing crack in the bumper beam started at time t3

ty =30 Rotation of the deformed longitudinal at the impacted end started
before time t,4

ts = 37 A through-thickness shear crack at the non-impacted end of the
bumper beam developed at time ts

ts = 65 At time tg the crashboxes on the reaction wall were almost
activated

-An experimental and numerical study-



Figure B-3 Photos taken from high speed video recording for test specimen
B3.

Bumper beam-longitudinal system subjected to 40% offset impact loading



160

Force
[kN]

Non-impacted 30

—@— Total trolley force

Total wall force

20 40 60 8
Time [ms]
1 1 L 1 L 1 L

end moments
[kNm] | r
20 [
10 [
o L
-10 — T T 1 T T T T
. 2 0 60 80 100
Time [ms]
Impacted end :
moments
[kNm] [
20 T T 1 !
. 2 0 60 80 100
Time [ms]
1 P R BN |
Veloiny Velocity
[ms-1] q Deformation F
10 —
8-
o L
5 L
2
o — 77—
. 2 0 60 80 100
Time [ms]
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-An experimental and numerical study-



Appendix-C: Test series C

Test specimen C2

Table C-1 Description of impact events for test specimen C2 see Figure C-1
and Figure C-2.

Time (ms)  Description

=0 Impact of the bumper beam-longitudinal system started

tb=4 The buckling initiation in the impacted longitudinal started at time
to, without considerable collapse of the bumper beam cross-section

=9 A plastic hinge in the mid-section of bumper beam started to
develop at time t3

t, =16 A local plastic hinge developed close to the HAZ in the non-

impacted longitudinal at time t4, instead of developing the through-
thickness shear crack at the non-impacted end of the bumper beam

ts =48 Due to the straining caused by the bumper beam a local plastic
hinge developed in the non-impacted longitudinal at time ts
ts =55 At time ts the crashboxes on the reaction wall were activated

Bumper beam-longitudinal system subjected to 40% offset impact loading



Figure C-1 Photos taken from high speed video recording for test specimen
C2.

-An experimental and numerical study-



Force 100

[kN]

80 —|

60 —

Non-impacted 30
end moments
[kNm]

20 4

10 —

Impactedend 12
moments
[kNm]

Velocity 12
[ms-1]

—@— Total trolley force

Total wall force

T T I T
0 20 40 M 80 100
Time [ms]
I PR BT I
Mx
4 My |
T T T T
0 20 40 60 80 100
Time [ms]
I I O
4 Mx L
My
T T T T
0 20 40 60 80 100
Time [ms]
L | T S|
Velocity
b Deformation L
— IR e — —
0 20 80 100

40 60
Time [ms]

Figure C-2 Loadcell data for test specimen C2.
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Test specimen C3

Table C-2 Description of impact events for test specimen C3 see Figure C-3
and Figure C-4.

Time (ms)  Description

=0 Impact of the bumper beam-longitudinal system started

=4 The buckling initiation in the impacted longitudinal started at time
t,, without considerable collapse of the bumper beam cross-
section

;=10 A plastic hinge in the mid-section of bumper beam started to
develop at time t3

ty =26 A local plastic hinge developed close to the HAZ in the non-

impacted longitudinal at time t,, instead of developing the
through-thickness shear crack at the non-impacted end of the
bumper beam

ts =48 Due to the straining caused by the bumper beam a local plastic
hinge developed in the non-impacted longitudinal at time ts
ts = 59 At time tg the crashboxes on the reaction wall were activated

-An experimental and numerical study-



Figure C-3 Photos taken from high speed video recording for test specimen
Cs.

Bumper beam-longitudinal system subjected to 40% offset impact loading
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Figure C-4 Loadcell data for test specimen C3.

-An experimental and numerical study-



Appendix-D: Test series D

Test specimen D2

Table D-1 Description of impact events for test specimen D2 see Figure D-1
and Figure D-2.

Time (ms)  Description

=0 Impact of the bumper beam-longitudinal system started

t,=4 The bumper beam cross-section collapsed completely and
buckling initiation in the impacted longitudinal started at time t,

t3=13.5 A plastic hinge in the mid-section of bumper beam developed at
time t3

ty =26 A through-thickness shear crack at the non-impacted end of the
bumper beam developed at time t,

ts =29.5 Due to the straining caused by the bumper beam a local plastic
hinge developed in the non-impacted longitudinal at time ts at its
clamped end

ts =32 At time tg the crashboxes on the reaction wall were activated

Bumper beam-longitudinal system subjected to 40% offset impact loading



Figure D-1 Photos taken from high speed video recording for test specimen
D2.

-An experimental and numerical study-
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Figure D-2 Loadcell data for test specimen D2.

Bumper beam-longitudinal system subjected to 40% offset impact loading



Test specimen D3

Table D-2 Description of impact events for test specimen D3 see Figure D-3
and Figure D-4.

Time (ms)  Description

=0 Impact of the bumper beam-longitudinal system started

=4 The bumper beam cross-section collapsed completely and
buckling initiation in the impacted longitudinal started at time t,

;=14 A plastic hinge in the mid-section of bumper beam developed at
time t3

ty=25.5 A through-thickness shear crack at the non-impacted end of the
bumper beam developed at time t,

ts =27 Due to the straining caused by the bumper beam a local plastic
hinge developed in the non-impacted longitudinal at time ts at its
clamped end

ts =35 At time ts the crashboxes on the reaction wall were activated

-An experimental and numerical study-



Figure D-3 Photos taken from high speed video recording for test specimen
Ds.

Bumper beam-longitudinal system subjected to 40% offset impact loading
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Figure D-4 Loadcell data for test specimen D3.

-An experimental and numerical study-
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